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PREFACE

'This report documents the derivation of a set of equations suitable
for estimating the acquisition costs of aircraft, airframes in the absence
of detailed design and manufacturing information. In broad form, this
research updates and extends the cost estimating relationships (CERs)
published in RAND Report R..1693-t-PA&E, Parametric Equations for
Estimating Aircraft Airframe Costs, by J. P. Large et al., February 1976,
and used in the RAND aircraft cost model, DAPCA, described in
R-1854-PR, A Computer Model for Estimating Development and Pro-
curement Costs of Aircraft (DAPCA.-H), by H. E. Boren, March 1976.
However, it also draws on a number of other studies-RAND and
non-RAND-for ideas on how the accuracy and reliability of airframe
CERs might be improved.

In the current effort, the A-10, F-15, F-16, F-18, F-101, and S-3 have
been added to the estimating sample;' the explanatory power of vari..
ables describing program structure and airframe construction charac-
teristics io investigated; and the utility of dividing the estimating sam-
ple into subsamples representing major differences in aircraft type (e.g.,
tighter, bomber/transport, and attack aircraft) is examined. Addi-
tionally, for the fighter subsample, the possible benefit of incorporating
an objective technology measure into the equations is investigated.

To address the issue of sample homogeneity, each of the subsam.npies,
as well as the full sample, had to be investigated in detail, with the
ultimate goal of developing a representative set of CERs for each. This
report summarizes the results of these individual analyses. Detailed
results are available in a series of four companion RAND Notes:

Aircraft Airframe Cost Estimating Relationships: All Mission
Types, N-2283/t-AF, by R. W. Hess and H. P. Romanoff,
December 1987.

Aircraft Airframe Cost Estimating Relationships: Fighters,
N-2283/2-AF, by R. W. Hess and H. P. Romanuff, December
1987.

'Also, the F-Sd, F-89, wid V31), which were droplt' i from the previols emtimating
sample (DAPCA11), were reintrodiwed.

Ui
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Aircraft Airframe Cost E'stimating Relationships: Bombers and
Transports, N-2283/3-AF, by R. W. Hess and H. P. Romanoff,
December 1987.

Aircraft Airframe Cost Estimating Relationships: Attack Aircraft,
N-2283/4-AF, by R. W. Hess and H. P. Romanoff, December
1987.

This research was undertaken as part of the Project AIR FORCE
project entitled "Cost Analysis Methods for Air Force Systems," which
has since been superseded by "Air Force Resource and Financial
Management 1Nsues for the 1980s" in RAND's Resource Management
Program.

While this report was in preparation, Lt. Col. H. P. Romanoff,
USAF, was on duty in the System Sciences Department of The RAND
Corporation. At present, he is with the Directorate of Advanced Pro-
grams in the Office of the Assistant Secretary of the Air Force for
Acquisition.



SUMMARY

This report presents generalized equations for estimating the
development and production costs of aircraft airframes. It provides
separate cost estimating relationships (CERs) for engineering, tooling,
manufacturing labor, and quality-control hours; manufacturing
material, development support, and flight-test cost; and total program
cost. The CERs, expressed in the form of exponei ial equations, were
derived by multiple least-squares regression analysis. They were
derived from a database consisting of 34 military aircraft with first
flight dates ranging from 1948 to 1978. Most of the aircraft technical
data were obtained from either original engineering documents such as
manufacturers' performance substantiation reports, or from official Air
Force and Navy documents. The cost data were obtained from the air-
frame manufacturers, either directly from their records or indirectly
through standard Department of Defense reports such as the Contrac-
tor Cost Data Reporting system.

The equation set that we feel will most accurately reflect the range
of estimating situations likely to be encountered in the future utilizes
empty weight and speed as the basic size/performance variable combi-
nation. It is based on a subsample of the full sample consisting of 13
post-1960 aircraft. We concluded that the more limited post-1960
experience would be a better guide to the future than the cumulative
34-.aircraft experience dating back to 1948.

Empty weights for the post..1960 sample aircraft range from under
10,000 lb to over 300,000 Ib, while speeds range from 400 kn to over
1,250 kn. The standard errors of estimate of the CERs in the recom-
mended set vary significantly. Four of the CERs (tooling, manufactur-
ing labor, manufacturing material, and total program cost) have stan-
dard errors of about 0.301 (- 26, +35 percent), while three (engineering,
development support, and flight test) have standard errors of about
0.50 (-39, +65 percent) or more. None of the equations meets our
standard-error-of-estimate goal of 0.18 (-16, +20 percent). On the
other hand, the lowest standard errors of estimate in the set are associ-
ated with tooling, labor, and material--elements that typically account
for 65 to 70 percent of total program cost at an airufaft production
quantity of 100.

'All Htandard errors of estimate are originally vxpressed in logarithmic form;
eqiwvalent purcontagen of corresponding hour or d(Illar values tire provided in
parenthesis.
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The ultimate test of the set's usefulness will be its accuracy for
estimating the cost of future aircraft, Unfortunately (from an estimat-
ing point of view), dramatic changes are taking place in airframe
materials (e.g., more extensive use of composites), design concepts (e.g.,
to increase fuel efficiency and to reduce radar cross section), resources
devoted to systom integration (e.g., integration of increasingly sophisti-
cated electronics and armament into the airframe), and manufacturing
techniques (e.g., utilization of computers and robots). And although we
do not have the data to demonstrate it, we believe that the net effect of
these changes will be to increase unit costs, In other words, we see lit-
tle danger that the recommended equation set will overestimate the
costs of future aircraft.

In addition to the basic objective of developing an updated set of air-
frame CERs, this study also examined in some detail the following pos-
sibilities for improving CER accuracy:

"• Stratifying the full estimating sample into subsamples
representing major differences in aircraft type,

"* Incorporating variables describing program structure and air-
frame construction characteristics into the CERs.

"* For the fighter aircraft only, incorporating an objective technol-
ogy index into the equations.

We examined subsamples of aircraft categorized by mission
designation--fighter, bomber/transport, and attack--to evaluate the
effects of stratificotion, and we concluded that this approach offers no
particular advantage. In fact, we were not able to identify any accept-
able estimating relationships for either the bomber/transport or the
attack aircraft subsamples. For the fighter subsample, the equation set
that we felt was most likely to be representative of future fighter pro-
grams consisted of a series of simple weight-scaling relationships that
were visually fit to the subset of post-1960 fighters (F-4, P-111, F-14,
F-15, F-16, and F-18). In general, this set of equations will produce
higher estimates than the all-mission-type equation set for relatively
light., "slow" fighters 2 (e.g., the F-16 and F-18) and lower estimates for
relatively heavy, fast fighters (e.g., the F-4, F-111, F-14, and F-15).
However, we found that the fighter equation set was only slightly more
accurate overall than the all-mission-type set, despite its much more
concentrated focus.

We concluded that incorporating variables describing program struc-
ture and airframe construction characteristics (at. least aii we have
defined them) does not, improve the overall quality of the equation sets.

Ct Idcr Mmo'h 2.
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Although variables characterizing the level of system intngration were
frequently found to be statistically significant, they did not, ar q rule,
result in any substantial improvement in the q :ality -f C• - ecquations.
In most cases, the equations incorporating such vt . hies did not pro-
duce results that we viewed as credible. Moreovor, even in those few
instances where the equations did produce credible results, the leduc.-
tion in the standard error of estimate was never more than tw- or
three percentage points.

Finally, attempts to incorporate an objective technology index into
the fighter cost estimating relationships were unsuccvssful.
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I. INTRODUCTION

Parametric models for estimating aircraft airframe acquisition costs
have been used extensively in advanced planning studies and contrac-
tor proposal validation. These models are designed to be used when
little is known about an aircraft design or when a readily applied va-
lidity and consistency check of detailed cost estimates1 is necessary.
They require inputs that (a) will provide relatively accurate results, (b)
are logically related to cost, and (c) can easily be projected before
actual design and development information is available. Their purpose
is to generate estimates that include the costs of program delays,
engineering changes, data requirements, and all kinds of phenomena
that occur in a normal aircraft program.

Since 1966, RAND has developed three parametric airframe cost
models.' These models have been characterized by (a) easily obtain-
able size and performance inputs (weight and speed), (b) the estimation
of costs at the total airframe level, and (c) the utilization of hetero-
geneous aircraft samples. They have usually been updated when
enough additional aircraft data points have become available to suggest
possible changes in the equations, In the present model, the A-l0,
F-15, F-16, F-18, F-101, and S-3 have been added to the full estimating
sample.:

1

Analysts at several other companies have also attempted to develop
more accurate parametric models. Some of these projects are listed in
Table I.

The models in Table I vary somewhat with respect to specific pur-
pose, level of detail, and sample sAze and type.4 Consequently, before
undertaking this update of the RAND airframe equations, we reviewed
each model reference document for potential means of improving accu-
racy. Three possibilities emerged from this review:

* Use of a more homogeneous sample such as a single mission
type (e.g., fighter, bomber, transport, or attack aircraft).

Exam~ples of' this latter applicvation include the Independent Cost. Annlysis (ICA)
prepared at pnrt of the D)efense Systems Acquisition Review Council (DSARC) process,
and government analyses of contractor cost imoiisais during source select.ions,

2 See HefN. 1, 2, and ,1,
:'In addition, the F-86I, F-89, and it1), which were dropped ['rom the previouI e!ti e fit.-.

ing sample (that of I)AP(CA-III), were reintroduced.
"4A critique of the RAND, PRC, Noah, and SAI models is given in lef. 11.
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TAble 1

CONTRACTOR EFFORTS TO IMPROVE PARAMETRIC
"COST ESTIMATING MODELS

Developer Sponsor Year Ref.

Planning Reaearch Corporation (PRC) OSD 1967 4
J, Watson Noah Associates Navy 1973 5
J. Watson Noah Associates Navy 1977 6
Science Applications, Inc. (SAI) NASA 1977 7
General Dynamics (Convair) AF 1975 8
General Dynamics (Convair) AF 1977 9
Grumman Aircraft AF 1978 10

"* Incorporation of an objective technology index into the cost
estimating relationships (CERs).

"* Incorporation of construction and program characteristics into
the CERs (e.g., wing type, internal density, contractor experi-
ence, type of development program).

We investigated each of these approaches to determine its potential
utility for developing a set5 of equations for estimating airframe costs.
The rationale for each approach is discussed below.

POSSIBLE APPROACHES FOR IMPROVING
MODEL ACCURACY
Sample Homogeneity

Other things being equal, it is clearly preferable to work with a
homogeneous sample rather than one that contains diverse and
perhaps misleading data points. The difficulty in developing such a
sample for military aircraft arises in defining sets of characteristics
that are capable of classifying these aircraft in terms that bear some
rational relationship Wo cost. This study was based on a fairly straight-
forward method for stratification, mission designation (i.e., attack,
bomber/transport, and fighter). Generally speaking, fighters tend to be
smaller, faster, and more maneuverable than other types of mission air-
craft. Attack aircraft, on the other hand, teird to ba larger, slower, and
less maneuverable, because of greater emphasis on range/payload per-
formance. Finally, bomber/transport aircraft tend to be the largest,
slowest, and least maneuverable of the aircraft types.

t'A set encompasses the following cost elements: engineering, tonling, manufticluring

labor, manufadturing material, development support, flight. test, and quality control,
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This type of classification does result in anomalies. For example, a
fighter may be larger than a bomber (F-111 airframe unit weight
exceeds B-58 airframe unit weight), and a bomber may be faster than a
fighter (B-58 speed exceeds F-102 speed). Furthermore, the missions
of two aircraft with the same designation can be quite dissimilar; for
example, while the primary mission of most fighters is air-to-air, the
primary mission of some, such as the F-105 and F-111, is air-to-ground,
which may in fact make them more akin to attack aircraft than
fighters. Unfortunately, these definitional difficulties are not easily
rectified (the more restrictive, or pure, the definition, the smaller the
sample size). They are noted here only to illustrate that such problems
do exist.

Technology Index

Previous RAND analyses have suggested that the relative accuracy
of acquisition cost and schedule estimates made at the beginning of
major weapon system development programs is at least partially influ-
enced by the degree of technological advance being sought,6 As a first
step toward a better understanding of this relationship, a technique
was developed for objectively quantifying the technological state of the
art of one particular type of system, aircraft turbine engines,7 Subse-
quent analysis established a functional relationship between the tech-
nology embodied in engine designs and their acquisition costs, resulting
in improved CERs for aircraft turbine engines,.

More recent work has attempted to quantify the technological
change in U.S. jet fighter aircraft,9 An expression was developed that
related the time of appearance of an aircraft design to its level of per-
formance, which is interpreted as a measure of its level of technological
sophistication."' The expression, which includes specific power, the
Breguet range factor, sustained load factor, fuel fraction, and a
carrier-capability designator, is illustrated in Fig. 1, where:

The vertical axis measures the first, flight date calculated by inserting
aircraft performance parameters in the technology equation and the
horizontal axis measures the actual first flight date for each aircraft,
The distribution of the 25 data points about the 45 degree lire

5See Refs. 12 and 13.
"7See Ref. 14.
8See Refs. 15 and 16.
9See Ref, 17.
101n addition to the technology index itself, another benefit of the technology study to

this analysis was the identification of several individual explanatory variables which had
not previously been tested for significance in airframe cost equations.
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1980

In(t) = f (specific power,
sustained load factor, F.15A

1975 Brcguet range factor, * "
total fuel fraction, F.16A
carrier capability)

1970 0 F,14A

r 1965 ,AR. .

"1960 - YF-107A F.4B

SF-1056 j-18.
F'SA F.160A

1955 F-101A F3H.2
F-100A F.102A

XF10F-1 CD F11F-1 9 Air Force
F-86A. 17F4131 In 25

1050 0 :F9F:6 SEEEE 014 0 Navy
9 F•G.IF-89A R' 0.92

FJ-1 F-413 F 45
. F-94A F 4

1945 , FH-1 J i .II II I I - 1

1945 1960 1955 1960 1965 1970 1975 1980

Actual first flight date (year)

1 ~rangoe us ~ uinne,I'lir st V11lixfactroadIlltt

Inlt) ,- 3,630 1 .059 i0oW,'t, AI 1 )0 1 ,1 6 --- ........

)tii -Carrier ]
I M526 fuel

fraction J

NOTE: L - calculated fint; flight date measured in months sincu Jmuary 1, 1940.
Thrust measured in p(unds, V,,lx in knots, combat weight. in pounds. Carrier capability
variable: I denotes no capability, () den.otes capability,

Fig. 1-Multivariate technology trend for new fighter designs
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provides one measure of how well the equation fits the data sample,
Points plotted above the 45 degree line represent aircraft that flew
earlier than the date predicted by the equation, and the converse
holds for points plotted below the line. The magnitude and sign of
the residual of the technology equation determine where a particular
aircraft point falls relative to the 45 degree trend line, with the resi-
dual representing all the unquantiflable factors that influence when
the first flight of an aircraft occurs, including technological factors
not covered by the independent variable parameter set, scheduling
decisions, Congressional and service funding decisions. development
philosophy, etc. Accordingly, one should interpret the results from
the equation only as a gross indication of average technological
trends in fighter aircraft development, remembering that other fac-
tors can also influence the time at which a particular level of technol-
ogy becomes available."

This index was developed only for fighters. Consequently, this
approach was tested only with the fighter subsample.

Program/Construction Characteristics

The developers of the previous RAND airframe cost model con-
cluded: "It may be time for a change in direction. ... [The] use of a
parametric model implies a belief that all programs will have neither
more nor less than their share of problems, yet we know that some
programs are plagued with problems that are not a function of aircraft
characteristics. It might be productive to examine the influence of
what might be called program characteristics on program cost.""r

Following this recommendation, we investigated several program
vnriables, including the maximum tooling capability, currency of con-
tractor experience with similar airframes, engine status (new or "off-
the-ahelf" engine), degree of weapon system integration (emphasis on
sophisticated fire control systems and missiles rather than guns), and
the type of development program (prototype or concurrent), This
study in no way represents an exhaustive examination of the program
variables, however, We were unable to consider such things as the
effect of schedule on cost, the financial condition of the contractor,
local economic conditions, and possible complementarities among the
various development and production l)rocesses.

Additionally, as a result of suggestions by individuals within the air-
craft industry, we investigated several variables related primarily to
airframe construction, including the design ultinate load factor, wing
type, structural efficiency, internal density, and carrier capability.

1liRef. 17, p. 27.
'-'See IHef. :1, 1). 6:1,
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REPORT ORGANIZATION

Section II describes the study data elements-the aircraft in the
estimating sample, the cost categories for which estimating relation-
ships tire being developed, and the potential explanatory variables.
Section III provides an overview of how the cost data and aircraft
characteristics vary by mission type and over time. Section IV sum-
marizes the general approach, including a discussion of the variable
combinations selected for analysis and the statistical methods
employed. Sections V, VI, VII, and VIII present results of the analyses
of the full estimating sample, the fighter subsample, the
bomber/transport subsample, and the attack aircraft subsample,
respectively. Section IX summarizes the main findings of the study
and suggests possible future courses of action.

Appendix A contains cost-element definitions and cost/airframe unit
weight plots, and Appendix B contains explanatory variable definitions
and values. Appendix C summarizes the most recent set of RAND-
developed airframe CERs (DAPCA-III). Finally, Appendix D prwiides
typical cost-quantity slopes and labor costs that are suggested for use
with the recommended set of CERs,



HI. DATA ELEMENTS

ESTIMATING SAMPLE

The fuli estimating sample consists of thle following 34 "new-
design" aircraft:'

First Flight First Flight
Model Date Model Date2

A-3 1953 F-4 1961
A-4 19134 F-14 1970)
A-5 1958 P".15 1972
A-6 1960 F-16 1976
A-7 1968 F-18 1978
A-10 1974 F.86 1948
B3-52 1954 F-89 1960
B-I58 19871 F-100 19153
B/RIJ.66 1954 F.101 1954
C-11 1968 P~-102 1055
C-130 1985 F-104 19NG
0-133 19156 F-105 1956
KC-136 1987 F-l06 19156
C-141 19163 F-Il1 1967
F31) 1950) S_3 1972
F311 1956 1':3 1961)

ID1964 1i'-:39 I 960

Approximately two-thirds of the aircralt. in the samnple first. flew
prior to( 19630, and roughly half first. flew prior to I11967 (i.e., moure than
:10 yenrs aigo),

" 1'hu !l~iviHil'icaolt~lof 111 in reraf't as now or Wivi~lvei Iva n~ot an vntiy Iolkv ntljvt pro-
codure, For eaxiiplu, alt bokgh the le- 10(2A progrknlanid Iil tt, groundwork for tIll 10-106l~A,
thew I,'- It(A im climmified aH aW newdeigni il Ithe databuiwi twcnusi-, hi cont riiii to (Ii,
F- 1a2A, It hind a ne iV. ligilli, re'ilovtt(!l fihl ilitnikca, vilrillh)h'-geonolit ry' pill 1inlat , italok
fledl vertii hl Mtiahilizer, midmutiarkedly liatter purformniiiicv (HOat 17, 1) 11),

Fhial first Il1lihI (liltut pra jeitii ailli tihit repoirt otlvilt thea f'irIu flight (11111 of' tille VvI
So hild Will Ijoust tputt la~v iii t kr a tl liv ui rcrit. Ithat. waslii towtcoliiia opivlticrit l Thnot

do1tum t1lois ralaitwt Ow firsit Ilight didu a f hi davaloloinkinit airvcrolt, not nh lie' (!xjH'fl-

invwlta or prototyiw nilrcrolti f.n alt houagh ill( V-A aircridft first flew iil Maiy I 958),
thi first flight da1ta ol, the FAlH airrafdt. iH puiontedll.i Miluilhivly evvii thoO iih tli' VF'-17,

ttoa iiiitecudent of, fIh F'-8 IFirst flaw ill Ma'y I1974, ith firsti highl diii, of' Ow V". IA ohr
oral!' i4 tproslientei,

7
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The attack subsample consists of the aircraft with mission code A
plus the S-3.3 Th,. fighter subsample encompasses all mission code F
aircraft. The bomber/transport subsample consists of aircraft with
mission codes B and C plus the KC-135, The two trainer aircraft (the
T-38 and T-39) are not included in any subsample.

DEPENDENT VARIABLES

Costs are dealt with at both the total program level4 and at the
major cost-element level (ungineering, tooling, manufacturing labor,
manufacturing material, development support, flight test, and quality
control).' Generally, estimating at the total program level is best
suited to long-range planning studies where little detail is required.
The major-cost-element approach, on the other hand, is best suited to
situations where some insight into why a program is going to cost a
certain amount is required, or where informed adjustments need to be
made based on special aircraft characteristics. Despite these differ-
onces in typical applications, however, past RAND analyses (as well as
this one) have shown that the two approaches are essentially
equivalent in terms of their accuracy.

Costs are not examined in terms of nonrecurring and recurring
because for the older aircraft in the sample, original records were not
kept in this way, and any such separation at this time would be arbl-
trary,"

Engineering, tooling, manufacturing labor, and quality control are
estimated in terms of man-hours rather than dollars, for two reasons',
(1) it avoids having to make adjustments for annual price changes, and
(2) it permits comparison of real differences in labor requirements, 7

Manufacturing material, development support, and flight test do not

:'Smno question inuy he rafledt• ctwerningii the inWluhion of Otthe H-2 III the at-la k stub-
mample, However, lt farmi at wtlght., Hp1ed, chihb rate, uid ul, ti iou h load Ihtlor, it iN
within thie range of the inlHeilu cOde A irircraft, Furthermore, it, has the enipihilitky It) h
used in an attack (for tturp)elos tintd depth haawlm), poIgesging a reoltie.Iv Hy Hep maximumllaxiIII
(ive angle, B1ec1ause (if these featureg, it4 ind lutiifl II the at-tack Hampi,' WUN felt
appropriate,

4T'ttal progranm catko are "normnaiid" values and nol. iehth actual repol rted dolliar
ammnilts, 1,),, the dollar alount.,H for englneering, toOlitig, anufact-uring labor, aid t((til.
ity Coiltrtl have beon determdned Iy alpplying fully hurdened, industry-tveramge la'or
rauh to the hau rs reported for ench catmgtiry,

'CAtMetlebnent (lethflit, asK are rv ide~ld in Akppondix t,
('Rtef. I,, 1 , .
'l1he umnjor hlilnitll.ion of til inaiii-hoii rs ,nlprone,' Is I nit it doem not inv'Otllit for

difft renCeK ill iverht'ld rn1 ` ,s ('n,)lsequ nt.ly, difftrelt'ts ilk smO11 Ithings 101 11 ilpthil/tii ir
ruthoii c'annmw 1W Midremmet,
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lend themselves to this approach and were therefore estimated in dol-
lars,

EXPLANATORY VARIABLES

During the formulation stage of this study, many characteristics
were considered as potential explanatory variables. However, to be
among the characteristics that were considered for inclusion in the
CERs (Table 2), a variable had to meet the following requirements:

1. It had to be logically related to cost, that is, a xationale had to
be constructed that would explain why cost should be influ-
enced by the variable,'

2. It had to be "readily available" in the early stages of aircraft
conceptualization.

3. It had to have an available historical record.9

The rationales for considering or not considering suggested explana-
tory variables are explained below. Variable definitions are provided in
Appendix B,

Size

Weight and wetted area are logical variables to be tested for signifi-
cance because they are indexes of size, and, all other things being
equal, a large airframe should cost more than a smaller one. Airframe
unit weight consists primarily of structural items and, of all weight
measures, would. seem to most closely represent what the airframe
manufacturer is directly responsible for designing and producing,
Empty weight includes not only the structure but also the engines and
mission equipment and thus would also seem to capture what the air-
frame manufacturer is responsible for integrating and installing,

"lThis roiquiremeint i. intended to hv a ituiddl ground bItw.onW two extromul. ()rn
,xtrome would reqwire tie doveh lmntunt of an i n-depth1t, Htvell-by-step exphlaation of' wily l,

particulhr chariacteritic should affect co(t, prior to any HtatiEfIieal anlysis. This
approach would require following a typical airframe from dritwing hoard to fhinl aIsem
Illy, showing how the dha ractr ristIc of interest ilpl ts c ot. at ii h li t,011 0 t Ill o g the way.
Tihe other u xtrenm would inot require iiny a priori rat ionnle hUt. Wi(ld uIS 1tatist jul
unidlyis to establish explanuitory vwriililms and then bh concir ned with developing I he
rationah,, Our Ippronch required the estalishhment il,' an intuitive rnit ii f'or ench
potential explanatory variabh, prihr to any Htll ivth,:al lnallysis, wli'i wng thien used I(( a
tooi for final variable suleclion.

1iu1 tile cv tlext ol t his study, an uivailitde rovrd ( witH onle 1111t Wa ,curnully w ivaiiihlh
within it.AND), External data collcvtio lolfr this iM lnly Was- extrreltoly lin ted.
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Table 2

POTENTIAL EXPLANATORY VARIABLHSR

All B~omber/
Variable Aircraft Fighter Attack 'Vramiport

Size
Airframe unit weight (AUW) X X X X
Empty weight, (EW) X X X X
Wetted area x X x X

'Vechnicai/perfornxiunce factors
Maximumnepeed x x X x
Speed claaii X x x x
Specific power X
Maximum specific energy X
Climb rate x x K X
Maximum nustainod load factor x
Thrust-to-weight ratio K
Breguet range factor K
Useful load fraction K K X X
Predicted first fright dlate

(technology index) x
Predicted first flight, date

(compoelte lparformance) X
Consitruction

Design ultiniate load factor x x x K
Structural efficiency factor x
Carrier capability desilgnator x x X x
Engine location desglnator X x K K
Whig type x X x K
Ratio (if wing area to wettetd aren K x x x
Ratio of (lPW-A[JW)/AIIW x X x X
Rlatiot of avionies weight to AMW K X K X
Number of hltik hoxem x x x x

Program
Numbero of'tesit aircra ft x x x
Maximumt tonoling catpability x x x
New engine dleigiiitt x x x
Contractor expe(riIeOtC (ietignttii 01 x x x

Weapon qlytem dcligmi't oi
Program intyjpe dlea ignat~or x x x x
'lilaiiks indicate that not nill explanatory voilalifum iare applicahiv to ill

aiteraft. tianiileh, InI some hxt~ances, curtaill ettontcteriHtic einre not tItellii
ingtol for vertain airc'raft. typvht, e.g.. s)II!ific power' U nott tall ioltitly
retevitu~t whenI dVKcrihiitg honliair/t I'InNItOr. alircratftý III Uthlit VaSPe, thll
effort. required to eoitfftc or vacutelat t hu approprinti, valoes was lueyonid 11hi
Kcoq)t1 of' t1itIt study. fool example, tftho lHnugttt ronigu faicto t'wilm ottidily

typesH Wooi hIave 1VII 11 IaIJOr Undertaking.
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Gross weight and combat weight were not tested because they include
items (e.g., ordnance, fel, crew) which, while clearly considered during
the development stage, are not within the airframe manuf.cturer's
respon.ibility for design, fabrication, or installation, The connection
betweei cost and gross weight/combat weight would thus be less strong
than Lhat between cost and airframe unit weight/empty weight, Other
size variables such as wingspan and fuselage length were not considered
because, individually, they are not representative of the entire airframe.

Technical/Performance Factors

Generally speaking, improvements in performance capability (speed,
acceleration, maneuverability, range/payload, etc,) are associated with
greater airframe complexity. For example, as speed approaches Mach
1, the effects of compressibility necessitate more sophisticated aero-
dynamic and structural design (e,g., swept wings); as speed increases
beyond Mach 1, wings generally become thinner; as speed approaches
Mach 2, more complex variable-cross-section engine air inlets are nor-
mally used for efficient operation- and at Mach 2,5, materials such as
titanium are needed, since the strength of aluminum alloys decreases at
the elevated temperatures encountered at higher speeds. Speed alone,
however, ignores the problems associated with packaging high speed in
a small, lightweight airframe, Consequently, specific power (fighters
only) is the chosen parameter, because it normalizes for size.

Maximum specific energy (fighters only), an important parameter in
energy-maneuverability theory, collectively describes the speed and
altitude performance of fighter aircraft. The sea-level rate of climb
indicates the specific excess power an aircraft has available to climb or
change velocity and hence provides a measure of acceleration capabil-
ity.

The mraximum sustained load factor (fighteri only) and the thrust-
to-weight ratio (fighters only) were selected to characterize aircraft
maneuverability. Generally speaking, increased maneuverability is
associated with increased airframe "strength,"

Differences in the range/payload capability are reflected in the Bre-
guet range factor (fighters only) and useful load fraction. The range
factor measulres how well fuel nnergy is translated into range by the
airframe's aerodynamics as well as the p•opulsion system. The useful
load fraction provides a gross measure of an aircraft's ability to carry
fuel and payload.

The predicted first flight date (fighters only) is viewed, first, as an
indicator of the technological sophistication of the airframe, and
second., as a composite perforrmance variable. As an indicator of
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technological sophistication, it complements other performance vari-
ables, and as a composite performance variable, it substitutes for other
performance variables. However, in either case, the impact on cost
should be the same: higher levels of technological sophistication or
performance should result in higher cost."0

The lift-to-drag ratio was not considered, since no hypothesis
explaining a logical relation to cost could be developed. However, it
does significantly influence range and is incorporated into the Breguet
range factor. Ceiling was not considered, because the vast majority of
aircraft in the sample are capable of altitudes in excess of 40,000 ft,
and further differences are usually attributable to the engine rather
than the airframe,

Construction

This group of explanatory variables is used to account for differ-
ences in how airframes are constructed. The design ultimate load factor
(the maximum load factor to which the airframe is designed) can be
viewed as a measure of airframe "strcrigth." The s•tructural efficiency
factor (fighters only), defined as the ratio of structural weight to the
product of the design ultimate load factor and stress design weight, is
used to quantify differences in materials and design/fabrication tech-
nology. Presumably, improvements in materials and design/fabrication
techniques should produce lower structural efficiency factors. Since
they are more difficult to achieve, lower structural efficiency factors
should result in higher costs than higher structural efficiency factors.

The carrier-capability designator, is intended to separate aircraft
designed for carrier operation (i.e., those having catapult takeoff,
arresting-gear landing, wing fold, and additional corrosion problems)
from those that are not. The engine location designator indicates
whether an aircraft's engines are embedded in the fuselage or located
in nacelles under the wing. It is felt that the process of desilning and
integrating an engine into a fuselage (e.g., tailoring the inlet airflow,
routing cables and hydraulic lines around the engine) is more difficult
than that of placing the engine in a nacelle under the wing.

The next two variables deal with wing construction. Wing type
reflects the perceived complexity of alternative wing configurations---
straight, swept, delta, and variable sweep. The ratio of wing area to
wetted area is used to account for the observation that wing structure is

I(Iince thth predicted [irst. flight datu miod wtruwl frst ii'light. a tre highly v)rreiltted
hy :olnlirlcthulu (i~c., they I, , 0KRetItIIlyV ,0(lliViwlhlt.) th ti J)(i)H iliity e xists that when the
predictled first flight. date i unter ed i titti a coot (jut t.iol it tinght actmikily he cai lt.u.iritig it
timv trend that im unrttlautd ) to Chlilolgy (eg,, hianges in prclcurt, mn t policy).



I )A IA E IM NT,; I

normally less expensive per pound than fuselage or empennage struc-
ture,11 Consequently, everything else being equal, aircraft with larger
ratios of wing area to wetted area should be less expensive than aircraft
with smaller ratios,

The two weight ratios--empty weight minus airframe unit weight to
airframe unit weight [(EW-AUW)/AUWI and avionics weight to air-
frame unit weight [A VIA UWI-are used to account for the difficulty of
integrating and installing nonstructural iternm within the airframe.
Weights are used as proxies for volume, since volumes could not be
obtained. Empty weight less airframe unit weight accounts for the
weight of the engine(s) and mission equipment, while avionics weight is
limited to the electronics group,

Like the ratio of avionics weight to airframe unit weight, the number
of black boxes also attempts to account for the difficulty of integrating
and installing electronics into an airframe. However, it does not cap-
ture the relative difficulty of packaging particularly well, especially
when applied to a sample containing both large and small aircraft. A
black box is loosely defined as an electronic component or unit (usually
with an identifiable AN designation 1

2 or manufacturer part number)
which provides a communication, navigation, identification, fire con-
trol, electronic countermeasures (ECM), or data processing function.
Excluded are instruments, electromechanical components, intercoms,
emergency transmitters, chaff dispensers, cameras, and electronics
located in pods, Differences in the level of technology embodied in
black boxes are not accounted for, nor is the fact that the level of black
box aggregation varies from aircraft to aircraft. For example, a cen-
tralized aircraft and weapon control unit (such as the MG-10 on the
F-102) may subsume several functions identified separately on other
aircraft, Furthermore, since an aircraft's avionics suite is coni,;tiantly
changing, even during initial production runs, it is very difficult to
select a "representative" suite. This analysis has used the suite appear-
ing on the firlt production version of' the aircraft. as a basis for deter-
mining the number of lblack boxes. The numbers of black boxes by air-
craft and by date of first flightt are shown in Table 3, which also shows
an apparent, pre-1960/post-1960 break in the quantity of black boxes
for the attack, transport, and fighter mission types,

An additional half-dozen or so construction-related variables were
not considered, for a variety of' reasons. Wing 1oaidi .,! and aspect ratio
were not considered because reaIsonable hypotheses relating them to

i'2ee lief, 18,
"IAn AN (Army-Nnvy) desiglnitionl indicm sl l,,M 1"11 11h1 VI tIOlfic it 1' 1 IN hVet1 rl1hM-

fied ill tllerdltinme(! with 111he ,J ull Elehctronics Tyl' ) otsillnwitioll y e
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Table 3

NUMBERS OF BLACK BOXES

Year of Numnber• of
First Black

Aircraft Flight Boxes

Attack Aircraft.

A-3 1953 8
A-4 1954 6
A-5 1958 13
A-6 1960 23
A-7 1965 19
S.3 1972 33
A.10 1974 14

Bomber/Transport Aircraft

B-52 1954 24

B/RB-66 1954 --

B-58 1957 26

C-130 1955 17
C-133 1956 16
KC-i:35 1957 16
C-141 1963 26
C-5 1968 27

Fighter Aircraft

F-86 1948 4
F31) 1950 9

F-89 1950 9
F- 100 1956 5
F4D 1951 9
F-101 1954 9
F;3 H 1955•

FI- 102 1955 9
F .104 1965; 6
F -1015 1956 11
F- I0o ; 1956 Ill

["-4 19011 14
F- II1 1967 18

1. 14 1970 21
F- 1 1972 24
F -I (i 1970 -
1. 18 1078

Othei Aircraft

'1'-:8 1959 7
'1'-'39 I h)() I0
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cost could not be developed. Wing taper,1 ' the ratio of wing thickness
to wing chord,14 maximum dynamic pressure in the flight envelope, and
part count were not considered because historical values for these vari-
ables were not readily available. Furthermore, part count was not felt
to be a variable for which a value could be accurately estimated in the
concept-formulation stage. The maximum lift coefficient"5 in combat
configuration was not considered because efforts to measure this
parameter uniformly were stymied by inconsistent definitions among
aircraft of what constitutes the maximum usable lift, coefficient condi-
tion (e.g., inconsistent definitions of controllability under various con-
ditions of buffet). The maximum lift coefficient in a landing or takeoff
configuration was investigated indirectly through the use of a variable
that distinguishes between land-based aircraft and carrier-capable air-
craft; the latter generally place greater emphasis on developing high lift
at low speed.

Finally, even though we know that airframe materials utilization
varies significantly from aircraft to aircraft (see Table 4), the develop-
ment of a meaningful materials index was beyond the scope of this
study. Such an index would require, for each aircraft, not only the
material distribution (e.g., aluminum, titanium, steel, composite) and
form (sheet, plate, forging), but also the relative finished part costs at
the time the aircraft was manufactured. Furthermore, the required
data are readily available for only a few of the most recent aircraft,"n

Program

Unlike the First three groupings of explanatory variables which dealt
with the physical characteristics of airframes, the final group of vari-
ables deals with the management decisions associated with airframe
program.s. An increased numbe;- (if test aircraft suggests an expanded
flight-test program with increased engineering planning, instrumenta-
tion, fuel, maintenance, and data requirements, and a resultant
increase in cost. Maximum tooling capability is used to capture the
effect on cost of the production rate (e.g., greater specialization of

"tHigher wing-taper ratios Ae nerally mean lore unique parts (e.g., ribs).
"Lower thicktiesH-to-chord rathi reflect relatively thinner, wider wings which are

iiiore difficult to congtruct, thil 0 thicker, ntarrower whitgH,
lr'H'gher maximum lift coeffidie t.a are no rmally associated with more c•mplex wing

leading- and trailing-edge devices, the coat. of which priesuliably increaaes the cOM. of the
overall wing.

"I i'For additionwd dismcssion ,if material i ndexem, gae Ref. 19, lip. I119- 202.
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Table 4

AIRFRAME MATERIALS UTILIZATION
(Percentage of airframe structure weight)'

Aircraftb

F-4 F-111 F-14 F-15 B-1A F-16 F-18
Material (1961) (1967) (1970) (1972) (1974) (1976) (1978)

Aluminum 70 59 48 52 52 79 48
Titanium 9 5 29 40 20 2 14
Steel 16 33 22 5 14 4 15
Compositss 5 1 1 2 4 5 11
Other 2 - 1 10 10 12

"aStructure weight Includes the following weight groups: wing, tail,
body, alighting gear, and engine section (see MIL-STD-1374, Weight and
Balance Data Reporting Fornu for Aircraft, September 30, 1977),

bFirst flight dates shown in parentheses,

labor, reduced material costs through increased volume purchase) and
the physical volume of tooling (initial and duplicate sets).

The "new engine" designator distinguishes those airframes that are
mated with a new engine (excludinR growth versions) from those that
are not, A new engine is expected to experience more difficulties than
an "off..the-shelf' or growth engine, and these difficulties should also
be reflected in the airframe development (eg., in schedule slippage, air-
frame modifications). The derivation of the "new engine" designator is
provided in Table 5, Clearly, some interpretation was required. For
example, during the early and mid-1950s, when aircraft wpro developed
at a rapid pace, engines were occasionally introduced virtually simul-
taneously on more than one aircraft. Some cases were truly joint
applications (e.g., the J79 for the B-58 and F-104). In other near-
simultaneous cases, such ab the J57, we used subjective judgment in
determining which aircraft bore the brunt of engine development.

The contractor experience designator is intended to deal with the
notion that a contractor with recent experience on a specific mission-
type aircraft should be more efficient, both in derelopment and produc-
tion, than a contractor without that experience.17 The problem, of

"7 An alternative approach would focum not on the individual contra(tor'M rccent
experience, but rather an the experience of the airframe industry as a whole with a givell
type of aircraft design. In other words, only "first-of-a-kind" designs would he desig-
nated "no experience," The problem with this approach is that almost vvery aircraft is
the first "something," (For example, see Ref, 17, p. 7, Table 1, "Milesiones in U.S. ,let
Fighter Development,")
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Table 5

NEW ENGINE DESIGNATOR

Initial Initial
Engine on Aircraft
Production Application(s) First

Aircraft Aircraft of Engine Application?

A-3 J57 B-52/F4D No
A-4 J6O B-57 No
A-5 J79 B.88/P-104 No
A-6 J52 A-6 Yen
A-7 TF3OA F-111 No
A-10 TF34 8-3 No
B-52 W/ B-82/F4D Yes
B-58 J79 B-58/F-104 Yea
B4RB-66 J71 B/RB-66/F3H Yes
C-5 TF39 C-5 Yes
C-130 T66 C-130 yes
C-133 T34 C-133 Yes
KC-1a5 J87 B-52/F4D No
C0141 TF33 B.52H/707 No
F3D J34 F6U/F2H No
F3H J711 B/RB-66/F3H Yes
F4D J57 B-52/F4D Yeu
F-4 J79 B-58/F-104 No
F-14 TF30 F-ltl No
F-15 F100 F-15 Yes
F-18 Fl1O F-15 No
F-18 F404 F-18 Yes
F-86 J47 B-45/F-86 Yes
F-89 J35 F-84/FJ-1 No
F-100 J57 B-52/F4D No
F-101 J57 B152/F4D No
F-102 J57 B-52/F4D No
F-104 J79 B-b8/F-104 Yes
F-105 .175 F-105 Yes
F-106 J75 F-105 No
F-111 wPF3O F-11i Yes
S-3 TF34 S-3 Yes
T-08 J85 T-2C No
T.39 J60 T-39/C-140 Yes

'Without afterburner.
bF3H switched from J40 to J71 at the fifty-seventh

production unit.
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course, comes in defining experience. The question of what constitutes
an "experienced nucleus" of engineers and production workers is
beyond the scupe of this study. The answer to this question would
involve, for example, questions of:

1. Relevancy:
* Does a company-sponsored effort constitute experience in

the same sense as a government-sponsored effort?
* Does a program that does not reach production provide

experience in the same sense as one that does?
* Does experience with aircraft types other than the current

aircraft type benefit the current program? (e.g., Does
recent experience with attack aircraft help fighter
development? Does recent experience with commercial
transport aircraft help military transport aircraft develop-
ment?)

2. Currency: How recent is the experience?
3, Definition of nucleus: quantity, quality, and mix of labor

types.
4. Labor mobility, both intracompany and intercompany,

Consequently, for this study, contractor experience is arbitarily
defined in the following way: A company that receives a government-
sponsored mission-type-X development contract (excluding contract
definition phases) prior to the conclusion of another government-
sponsored mission-type-X production program is said to have experi-
ence, Furthermore, for all but cargo aircraft, an additional condition of
experience is that the propulsion types of the current and prior aircraft
also be the same, That is, the applications of propeller and jet propul-
sion to combat aircraft are considered sufficiently dissimilar that credit
for experience is not given if the prior case involved a different type of
propulsion system. The dcrivation of the contractor experience desig-
nator is provided in Table 6. Note that in cases where there is a defin-
ite similarity between an aircraft and an antecedent, credit for experi-
ence is given irrespective of the mission designations (e.g., A-3 and
B/RB-66, F-8 and A-7).

This definition obviously has limitations, For example, changes in
avionics technology and basing mode (e.g,, land vs. carrier) are ignored,
as is relevant subcontractor experience.t5 However, additional sophisti-

"Hyor example, to oh•t in" relev..t. "carrier" nxJuriuncm', lr S -:1 prugr...,

Lockheed tearrmd with ILTV, whiCh ,it the litar w m still pr,,thicing the, A-7. In fict, by
the time the Inst S 3 wnK cti plethi d, ITV wis prtnodiciig aiult 5i IurcviI I of t1w air-
frame unit weight.
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Table 6

CONTRACTOR EXPERIENCE DESIGNATOR

Prior Aircraft of
Same Miauion Type

Start Date of Produced by Contractor
Govt,-Sponsored and Approximate Date

Aircraft Contractor Research Production Concluded Experience?

A-3 Douglas Mar 1949 A-1 (prop)/Feb 1957 No
A-4 Douglas Jun 1952 A-3/1960 Yes
A-6 ' North American Jun 1956 A-2 (prop)/Mar 1954 No
A-8 Grumman Mar 1959 8-2 (prop)/1967(?) No
A-7 LTV Mar 1964 F-8'/Ssp 1964 Yes
A-.1 Fairchild Dec 1970 None identified No
B-52 Boeing Jul 1948 B-47/Feb 1957 Yes
B-58 Convair Feb 1951 B.36 (prop)b/Aug 1964 No
B/RB-66 Douglas Jan 1953 A.31/1960 Yes
C-5 Lockheed Oct 1065 C-141/Jul 1968 Yes
C-130 Lockheed Jul 1951 None identified No
C-133 Douglas Feb 1953 C-124 (prop)/May 1956 Yes
KC-13i Boeing Aug 1 9 5 4d KC-97 (prop)/Jul 1956 Yes
C-141 Lockheed Apt 1961 C-130 (prop)/current Yes
F3D Douglas Apr 1946 P.70 (prop)/1943(?) No
F311 McDonnell Sep 1949 F2H/Oct 1953 Yes
F4D Douglas Dec 1948 F3D)/Oct 1963 Yes
F-4 McDonnell Oct 1954 F3H/Nov 1959 Yes
F-14 Grumman Jan 1969 F-ill/Feb 1969' Yes
F-15 McDonnell Dec 1969 F,-4/current Yes
F-16 Genernl Dynamics Apr 1972 F-111/August 1969 No
F-18 McDonnell Apr 1972 F-IS/current Yea
F-86 North American May 1945 FJ-I/1957 Yes
F-89 Northrop Jun 1946 P-61 (prop)/1946 No
F-1OO North American Jan 1952 F-S6/Dec 1956 Yes
F-101 McDonnell Jan 1952 F21-1/Oct 1953 Yes
F-102 Convair Sop 1951 None idontifiedrNo
F.t04 Lockheed Mar 1953 F-94/May 1954 Yes
F-106 Republic Sep 1952 F-84/Aug 1957 Yes
F.-106 Convair Nov 1955 F-102/Apr 1958 Yes
F-ill General Dynamics Nov 19(V F-lO6/Jan 1961 No
8-3 Lockheed Aug 1969 P-3 (prop)/current Nug
T-38 Northrop Nov 1958 None identified No
T-39 North American Mar 1956 T-28 (prop)/1956 Yeso

'The A-7 evolved from the F-S.
kOnly two YB-60s (a B-36 derivative using eight J157 jet. engines) were produced by Cori-

vair.
'The B/R1B-6 evolved from tho A.;i,
"The "Dash 80" jet transport started in May 1952 with corporate funds,
"The F-111B was formally canceled in July 1968; the last F.1111B acceptance was in

February 1969. Grumman funding on the F- 11l was $150 million in 1969 and $liH million in
1970, 1

'The XF-92 was less than a full-scale prototype.
"The P -3 is a relatively large, land-hased, proiieller-driven alrcraft, while the 8-3 is a rela-

tively small, carrier-based, jet aircraft..
"Add. tionally, the T-2 was developed and produced approximately concurrently with theTP-39.
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cation in the definition of contractor experience would require
increased subjectivity on the part of the analyst.1 9

The intent of the weapon system designator (fighters only) is to iden-
tify those aircraft whose development placed more emphasis on air-to-
air missiles and sophisticated fire-control systems than on gun arma-
ment.20

Aircraft identified as "weapon systems" were considered to be rela-
tively more expensive in terms of design integration and equipment
installation than aircraft identified as "gun platforms." The most diffi-
cult aircraft to classify were the F-101 and the F-104. The F-101A car-
ried four 20mm M-39 cannons, twelve spin-stabilized rockets, and three
AIM-4A Falcon missiles. But it was not until the B version of the
F-101 that the cannon armament was deleted and the MG-18 fire con-
trol system was added. The dominant emphasis of the original F-104
program was flight performance, Armament for the F-104A consisted
of a 20mm M-61 Vulcan rotary cannon and two infrared-homing
Sidewinder missiles, but no search radar. The F-104C added provisions
for two additional Sidewinders.

The final variable considered was the type of development program,
The ultimate effect of the prototype concept on total cost (iLe., cost
through the end of production) has been the subject of considerable
debate (see Ref. 21), Prototype developments typically emphasize the
early demonstration of technical feasibility, before a commitment is
made to large-scale production for Inventory. The initial stages of such
developments are usually characterized by little or no production plan-
ning and limited tooling, They are "change amenable," i.e., even
though some commitment may have been made to production, it is not
so total as to preclude change at or close to the start of production,
For this analysis, a prototype program is arbitrarily defined as one in
which the first lot consists of three or fewer aircraft (see Table 7).

There are three other program variables which were not considered
for a variety of reasons-the number of test articles (other than flight-
test vehicles), data requirements, and the number of concurrent con-
tractor programs. The number of test articles was not considered
because almost invariably, regardless of the technological advance, one
fatigue article and one static article are built and tested. Consequently,
there would not be sufficient variation in the variable to make it worth
considering. Data requirements are frequently mentioned as a contrib-

"Iain reality, the relevant issue is much broader than implied here and encompaesem
questions of management strength, facility availability, financial condition, etc. The
more generalized topic of "contractor capability" iH discussed in Chap. 11 of Ref. 20,

•'This definition attempts only to distinguish between two possihle emphases and
does not exclude fighters that have both missile and gun armament,
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Table 7

PROGRAM-TYPE DESIGNATOR

Program-Type Program-Type
Number of Designator Number of Designator
Aircraft in (1 - concurrent) Aircraft in (1 - concurrent)

Aircraft First Lot (2 - prototype) Aircraft First Lot (2 - prototype)

A-3 2 2 F.4 7 1
A-4 1 2 F.14 6 1
A-5 11 1 F-15 20 1
A-6 8 1 F-16 2 2
A-7 7 1 F-l6 2 2d

A-10 2 2 F-86 a 2
B-52 2 2 F-89 2 2
B-58 13 1 F-IO0 2 2
B/RB-66 6 1 F.101' 31 1
C-6 5 1 F-1021 42 1
C-130 2 2 F. 104 2 2
C-133 12 1 F.105 15 1
KC-135 1 1 F.106 36 1
C-141 5 1 F.111 18 1
F3D 3 2 8.3 8 1
F3H 2 2 T-38 2 2
F4D 2 2 T-391 94 2

'The XF-88 program (2 prototypes) evolved into the F-101 program, However,
the XF-88 was not considered a direct antecedent of the F-10t because different
engines were used, there were substantial differences in the planform, and the
empty weight of the F-101 was twice that of the XF.88,

"Tl'he XF-92 program evolved into the F.102 program. However, like the XF-
88/F.101 case, the XF-92 is not considered a direct antecedent of the F-102 because
different engines were used, the planforms were substantially different (the F.102
utilized area rule), and the empty weight of the F.102 was twice that of the XF-92.

'Prior to government funding, a single T-39 prototype was developed as a private
venture.

"The F-18 program (11 FSD aircraft) evolved rrom the YF-17 program (2 proto-
typeg),

utor to high costs, Unfortunately, little discussion has been devoted to
what the proper metric should be: The number of unique reporting
requirements? The number of manual pages that must be scripted?
The volume of cost/performance reports generated? In any case,
regardless of the metric, historical data for this type of variable are not
readily available, A lack of readily available historical data was also
the reason for not testing the effect of the number of concurrent con-
tractor programs on cost. It was felt that a greater number of con-
current programs (including commercial efforts) would increase the
demand for labor and material, and would thereby result in cost
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increases. On the other hand, if engineers are in short supply,
engineering might be limited to that which was absolutely necessary,
which would result in cost decreases. But if the same type of logic is
applied to the manufacturing aspect, skilled labor would be spread
thinner, which would have adverse implications for both cost and qual-
ity. Another potentially significant effect would be on overhead rates.
Presumably, overhead rates will fall as the number of concurrent pro-
grams (i.e., the business base) increases.



III. DATA OVERVIEW

This section provides a brief overview of the database on which our
inferences about airframe costs are based, to enable the reader to better
assess the quality and applicability of the results. It summarizes the
characteristics of the full 34-aircraft estimating sample, compares
characteristics by mission subsample, and concludes with a comparison
of pre-1960 and post-1960 characteristics.

FULL ESTIMATING SAMPLE
Aircraft Characteristics

Values for the size, performance, construction, and program charac-
teristics for each aircraft in the full estimating sample are given in
Tables 8a, 8b, and gc, These data lead to the following observations:

1. Minimum and maximum values for airframe unit weight,
empty weight, wetted area, speed, and climb rate each span a
range of more than an order of magnitude.

2. Several of the continuous variables have maximum values that
fall substantially beyond two standard deviations: airframe
unit weight, empty weight, wetted area, speed, climb rate,
number of black boxes, number of test aircraft, and maximim
tooling capability.

3. Based on any of the three size measures, the C-5 is approxi.,
mately twice as large as the next largest aircraft in the sam-
ple.

4, The sample does not include any aircraft that are both rela-
tively large and relatively fast (such as the B-1A would have
been, with an airframe unit weight of approximately 150,000
lb and a speed of Mach 2). This point is illustrated in Fig. 2.

There are, of course, differences among the aircraft which are not
accounted for in Tables 8a, b, and c. Some of the differences relate to
the way the program is managed, but in any case, it is difficult to find
an aircraft without at least one unique aspect. The differences listed
below are indicative of the types that are difficult to account for in a
generalized parametric model:

231
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Table Sa

AIRCRAFT CHARACTERISTIC VALUES: SIZE
AND TECHNICAL/PERFORMANCE

Size Technical/Performance

Airframe
Unit Empty Wetted Maximum Climb Useful

Weight Weight Area Speed Speed Rate Load
Aircraft (lb) (Ib) (ft') (kn) Class (ft/min) Fraction

A.3 23,931 35,999 3,899 546 1 5,050 .485
A-4 5,072 9,146 1,144 565 1 8,400 .594
A-5 23,499 32,714 2,950 1147 3 27,900 .439
A-6 17,150 25,298 2,100 561 1 10,000 .583
A-7 11,621 158497 1,690 595 1 8,580 .578
A.1 14,842 19,856 2,463 389 1 5,100 .559
B-5 112,672 177,816 16,650 551 1 8,120 .605
B-5 32,686 55,560 5,450 1147 3 17,830 .659
B/RB.66 30,496 42,549 4,372 548 1 5,000 .487
C-6 279,145 320,085 30,800 495 1 5,160 .555
C-130 43,446 58,107 7,890 326 1 3,900 532
C.133 96,312 114,690 13,150 304 1 3,400 .617
KC.135 70,253 07,030 10,770 527 1 5,900 .677
C-141 104,322 136,900 14,100 491 1 7,270 8579
F3D 10,136 14,860 1,843 470 1 4,100 .484
F3H 13,898 21,270 1,908 622 1 13,000 .455
F41) 8,737 16,050 1,500 628 1 20,200 .427
F-4 17,220 27,530 2,150 1222 3 40,600 .508
P-14 26,500 36,825 3,155 (a) (a) (a) (a)
P-.1 17,550 26,795 2,646 (a) (a) (a) .499
F-1( 9,565 14,062 1,390 (a) 2 (a) .574
F-18 16,1300 20,583 (h) (1) 2 (b) A,39
F-86 6,788 10,040 1,07(0 590 1 7,660 .41 1
F-89 18,119 23,870 (h) 540 1 11,801) 347
F-100 12,118 18,260( 1 ,509 752 2 25,700 371
F-101 13,42:1 24,720 2,0(6 872 2 29,600 493
F-102 12,304 19,460 2,170 6801 2 18,700 .374
F- 104 7,963 11,570 I,018 1150 3 51,500 .508
F-1O5 19,301 24,500 1,998 1112 3 :18,300 .538
F-106 1,4,620 23,180 2,230 115:3 : 34,50V .36:3
F-111 33,150 46,170 2,580 1262 3 12,600 .53:13
S-3 18,536 26,581 2,607 429 1 5,000 .494
T-38 5,376 7,410 (0) 099 2 28,50(1 ,38'7
T-39 7,027 9,753 (h) 468 1 4,270 .477

Mean 33,943 46,021 4,967 754 1L),1O0 50o1

Std. dev, 51,429 61,79:3 (0,98 321 17,216 (086

Range 5,072 7,410 1,070- 304 :1,400(- A,47
279,145 320,085 30,80O 1250+ 50(,0004 .677

"Classified,
bNot available,
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Table 8b

AIRCRAFT CHARACTERISTIC VALUES: CONSTRUCTION

Design Carrier Engine Ratio of Ratio of
Ultimate Capability Location Wing Area Ratio of Avionics No, of

Load Desig- Desig. Wing to Wetted (EW-AUW) Weight Black
Aircraft Factor nator nator Type' Area to AUW to AUW Boxes

A.3 5.00 2 2 2 .200 .50 ,085 8
A-4 10.50 2 1 2 .227 .80 .084 6
A-5 11,00 2 1 2 .237 .39 .110 13
A.6 9,75 2 1 2 .251 .48 .170 23
A-7 10,50 2 1 2 .222 .33 ,059 19
A-10 4,93 1 2 1 .205 .34 .041 14
B-52 3.00 1 2 2 .240 .58 .070 24
B-58 3.00 1 2 3 .283 .70 (a) 26
B/RB-66 4.80 1 2 2 .178 .40 .092 (c)
C-5 3,75 1 2 2 .201 .15 .017 27
C-130 3.75 1 2 1 .230 .34 .085 17
C-133 3,75 1 2 1 ,203 .19 1021 16

KC.135 3,75 1 2 2 .225 .38 (C) 16
C-141 3,75 1 2 2 .228 .31 .023 26
P3D) 9,00 2 1 1 .218 .47 .145 9
F3H 11.25 2 1 2 .272 .53 .060 6
F40 9,50 2 1 3 .371 ,84 .215 9
F-4 12,7n 2 1 2 .247 .60 .101 14
F-14 (c) 2 1 4 .179 .39 .112 21
F.15 11.00 1 1 2 .230 .53 1090 24
F-16 (c) 1 1 2 .216 .47 (c) (C)
F-18 (c) 2 1 2 (c) .26 (c) (c)
F-86 11.00 1 1 2 269 .48 .106 4
11-89 8.50 1 1 1 (C) .:2 (c) 9
F-I00 1100 1 1 2 .255 'r, 1 .016 5
F- 101 11.00 1 1 2 .170 .84 .075 9
F-102 10.) 11 3 ,305 .58 ,164 9
F. 104 11.00 1 1 2 .182 A45 .076 6
F- 105 1.00 1 1 2 .19:3 .27 .074 I1
F- 106 10.50 1 1 3 A312 .59 .190 1I
F-I I 11,00 1 4 .20:1 :39 .081 18
S-3 5.25 2 2 2 .229 A41 .220 33
T-3 11.00 1 1 2 (C) .38 (c) 7
T-99 11.0) 1 2 2 (c0 .801 (c) 10

Mean 8,57 .... .... .233 .461 .094 15

Std. dev. :1.40 ..... 1)44 .17 .06Ki4 8
Range 3.00- .178... ,15- .()It;- 11

13.00+ .:171 .84 .2201 13
"I - straight; 2 - wept; :1 - delta; , - viriabhi. Kwtop.
I'CIatu4fled,

"Not availabie,
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Table 8e

AIRCRAFT CHARACTERISTIC VALUES: PROGRAM

No. of Maximum Contractor Program
Test Tooling New Engine Experience Type

Aircraft Aircraft Capability Designator Designator Designator

A-3 5 8 1 2 2
A.4 9 40 1 1 2
A-5 11 0 1 2 1
A-6 8 8 2 2 1
A-7 7 24 1 1 1
A-10 8 15 1 2 2
B-62 13 10 2 1 2
B-68 30 8 2 2 1
B/RB-66 14 10 2 1 1
C-6 10 2 2 1 1
C-130 9 18 2 2 2
C-133 10 2 2 1 1
KC.135 8 15 1 1 2
C-141 5 9 1 1 1
F3D 13 20 1 2 2
F3H 18 13 2 1 2
F4D 13 20 2 1 2
F-4 7 16 1 1 1
F-14 12 8 1 1 1
F-16 20 12 2 1 1
F-l6 10 (a) 1 2 2
F-18 13 (i) 2 1 2
F-8B 12 10 2 1 2
V.89 6 25 1 2 2
F-l100 13 5 0 1 1 2
F-101 17 20 1 1 1
F. 102 31 ,15 1 2 1
F-104 it) 20 2 1 2
F-105 15 17 2 1 1
F- 106 26 29 1 1 1
F-Ill 18 21 2 2 1
S-3 8 6 2 2 1
T11-38 14 24 1 2 2
'V-39 4 5 2 1 2

Mean 13 17 .-..

Std, dev, 7 12

Range 4-31 2)50

'Not fivailaHbl.
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Fig. 2-Speed versus weight of aircraft
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1. The C-130 and C-133 are turboprop aircraft, while all other

sample aircraft utilize turbojet or turbofan engines.
2. The KC-135 was designed and produced more or less con-

currently with the commercial 707 model.
3. The B/RB-66 was produced concurrently with the A-3, the

aircraft from which it evolved.
4. The F-102 did not meet its speed performance specifications

until after a major redesign.
5. The F-106 and A-7 were outgrowths of the F-102 aid F-8 pro-

grams, respectively.
6. The F-Ill was the iirst aircraft for which common Air

Force/Navy usage was made a requirement at inception.
7. The B-58's utilization of honeycomb skin panels represented a

major state-of-the-art advance.
8. The C-5 program utilized the acquisition concepts of total

package procureirent and concurrent development and pro-
duction.

9. The A-10 program utilized competitive prototyping and
design-to-cost acquisition concepts.

Cost Data

The cost data used in this study were obtained from both govern-
ment and industry sources. As stated previously, data plots for each of
the major cost elements (engineering, tooling, manufacturing labor,
manufacturing material, development support, flight test, and quality
control), as well as total program cost, are provided in Appendix A.1
The relative importance of each cost category is shown in Table 9 as a
function of production quantity. As one might expect, the labor,
material, and quality-control elements become increasingly important
as quantity increase%, while engineering, tooling, development support,
and flight test become less important. Clearly, other thinr' being
equal, one would want the estimating relationships derived for the two
manufacturing categories to be the most accurate because of the rela-
tively large contribution of these categories to program cost.

'In previous RAND reports on airframe cost estimation (Refs. 1, 2, and 3),
proprietary restrictions prevented the incu.sion of any cost information whatsoever, How-
ever, for this update, we felt that it was valuable to be able to visually establish relation-
ships among the observations, Conitiquently, we obtained permission from the manifac.
turers co prcide the cost data in graphical format. We were not given permissioc to
present the data in tabular format, nor did we roquest such permnision,
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Table 9

COST-ELEMENT DISTRIBUTION, BY PRODUCTION QUANTITY'

Quantity

25 50 100 200

Element $/Ibb % $/Ibb % $/lbb 5% $/lb" %

HrEineering 229 25 131 22 74 19 42 15
Tooling 173 19 104 18 62 16 36 13
Manufacturing labor 230 26 176 30 135 34 102 38
Manufacturing material 87 9 74 12 63 16 55 20
"Development support 86 9 43 7 22 5 11 4
Flight test 93 10 47 8 23 6 12 5
Quality control 26 3 19 3 16 4 12 5

Total 923 100 594 100 395 100 271 100

'Averages for full estimating sample (34 aircraft),
'Cumulative average costs (in thousands of 1977 dollars) per pound of

airframe unit weight,

MISSION SUBSAMPLES

Aircraft Characteristics

Table 10 provides an indication of how aircraft characteristics vary
with mission type. As one would expect, the fighter and attack aircraft
are rourhly comparable in size; the bombers and transports are much
larger. In terms of combat engagement characteristics (speed, climb
rate, and design ultimate load factor), the ordering (from low to high)
is bomber/transport, attack, and fighter; for payload capability (useful
load fraction) the order is reversed. In terms of the two packaging
ratios (ratio of [JEW-AUW] to AUW and ratio of avionics weight to
AUW), the attack and fighter aircraft are essentially equivalent, while
the bomber/transport aircraft are significantly lower. On the other
hand, the bomber/transports have, on average, substantially more
black boxes than do either the attack or fighter aircraft. Finally,
planned prodiiction rates for attack and fighter aircraft are, on average,
roughly twice those of bomber/transport a-rcraft.

Cost Data

Airframe costs per pound, by mission type, are shown in Table 11.
As one might expect, the relatively light, fast fighters are the most
expensive per pound, wbile the large, relatively slow bombers and
transports are the least expensive. The data also indicate that, on
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Table 11

AIRFRAME COSTS, BY MISSION TYPE'

bombeo,/ Attack
Fight6r Transport Akroraft

Element Subsample Subsample Subsample

Number of obsorvations 17 8 7
Average airframe unit weight, lb 15,158 96,167 16,879
Aveiage speed, kn 932 549 605
Cost distribution, $/lbb (%)

Engineering 149 (21) 43 (16) 114 (22)
Tooling 104 (15) 46 (17) 70 (13)
Manufacturing labor 219 (31) 100 (37) 185 (36)
Manufacturing material 94 (13) 51 (19) 74 (14)
Development support 56 (8) 9 (3) 26 (5)
Flight test 89 (8) 10 (4) 28 (6)
Quality control 29 (4) 11 (4) 22 (4)

Total 710 (100) 270 (100) 519 (100)

'Avorages for Individual subsamplas.
bCumulative average costs (in thousands of 1977 dollars) per pound

of airframe unit weight at a quantity of 100.

average, the fighter and attack programs tend to put relatively more
emphasis ozn thc development phase (engineering, development support,
and flight test) than do bomber/transport programs and relatively less
on the manufacturing phase (tooling, labor, and material).

CHANGES OVER TIME

As will be discussed in Sees, V and VI, in our analyses of' both the
full estimating nrample and the fighter subsatmple, we noted that several
of the derived equations tended to underestimate the costs of the niost.
recent sample aircraft., We believe this is a result of the combined
effects of numerous design-related and inrstitutional changes that have
occurred over the 1948-1978 time period (e.g., the increased emphasis
on electronics, along with changes in materials of construction,
manufacturing processes, and the regulatory framework). We ori-
ginally planned to develop specific measures that would reflect. these
changes, but this approach did not prove to be as successful as we had
hoped it would be. For many of the .-jore abstract concepts, we could
not develop unam~biguous measures. And even where relatively unain-
higuous measures could be developed and test-ed, the results were mar,
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ginal at best. Consequently, two alternative approaches were investi-
gated:

1, Deletion of older, less relevant aircraft from the sample.
2, Incorporation of a time variable (date of first flight) into the

equations that exhibited the underestimation problem.

In trying the first approach, we deleted all aircraft from the sample
with first flight dates prior to 1960. To provide some limited insight
into the types of changes that have occurred, aircraft cost and
weight/speed characteristics for the pre-1960 and post-1960 time
periods are compared in Table 12,2

At first glance, it appears that average program costs actually
decreased (from $407/lb to $384/1b). However, closer examination
reveals that this conclusion is driven by two very large transport air-
craft, the C-141 and the C-5 (for a given quantity of aircraft, the C-141
and C-5 account for roughly two-thirds of the total post-1960 airframe
unit weight produced), Excluding these two aircraft results in a 78 per-
cent increase in per pound costs, Further analysis of the individual
subsamples suggests that the increased costs are largely attributable to
fighters, which increased in both average speed and average size by
roughly 60 percent, The fighter and attack aircraft data also suggest
increased emphasis on engineering and development support, and the
fighter data show considerably higher costs for manufacturing materi-
als and development support,

"2The choice of 1960 as a breakpoint does not imply a hard-and-fast distinction
between the pre-g960 and post.1960 aircraft. Rather, it represents a balance between
deleting older, potentially less relevant observationms and attempting to maintain an
acceptable asmple size,



IV. APPROACH

Potential explanatory variables have been divided into four general
categories-size, performance, construction, and program (see Table 2),
Ideally, an airframe cost estimating relationship would incorporate at
least one variable from each category, but from a practical standpoint,
concern about collinearity among the size and performance explanatory
variables led to a limit of one explanatory variable that could be incor-
porated into an estimating relationship from any single categoryl
Thus, there could be as many as four variables per equation, but no
more than four. For a relatively large sample, such as the all-mission
dataset that has 34 observations, the possibility of four variables per
equation does not cause any concern (for a sample sizo of 34, the
resulting equation would still have 29 degrees of freedom with which to
estimate the error term), On the other hand, for very small samples,
such as the bomber/transport subsample (8 observations) and the
attack aircraft subsample (7 observations), the possible incorporation
of four independent variables does not seem to be particularly prudent
(the resulting equations would have only 3 and 2 degrees of freedom,
respectively, with which to estimate the error term), Therefore, we
tentatively limited the potential number of explanatory variables for
these two Bubsamples to two. Then, in order to stay between the
extremes, the number of explanatory variables per equation for the
fighter subsample (17 observations) was tentatively limited to three.
These limits are summarized in the following table:

Number of Liamit on Num.brr of
Sample Oh,,ervatione ••Exlanatory Variableo/C,'E

All mimenon types :14 4

Fighter aircraft. 17 3
Bomher/trangport aircraft, 8 2
Attack aircraft 7 2

IStrictly •peaking, concerns about collinearity in the size and poer rrnance cat egories
should not, limit the number of explanatory variables considered in the const.ruct.ion and
program variable categories. However, the limit wag extended to theme other two
categories to keep the analytical effort within reanonable hounds, Even MO, Hms the IMhae-

quent analysin will show, the puOslhility of more than one connt.ruction variable or one
program variable per equation in a moot point: It. wan difficult to identify accept-abhl
equations incorporating even one construction variable or one program variable.

2'rhis is not to suggest, that theme limits are "ahbolute" inaximumnt. they ar not,.
They simply reflect our judgment. regarding aln appropqriate balance between Numple size
and the potential numbehr of explanatory variablles,
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Given these limitations, the question then became one of which
combinations of categories to consider. To the best of our knowledge,
all airframe manufacturers use some measure of size (usually weight)
as their basic scaling dimension in developing cost estimates, although
other factors frequently do enter in. Consequently, it d'tes not seem
unreasonable for us to assume that a size variable must appear in all
equations,' Given this additional restriction, the specific variable com-
binations we vmunined for each sample are shown in Table 13.

An addit.ionl complication arose from the fact that we were not
developing a single CER, but a set of CERs, Normally, the develop-
ment of a representative set of CERs would require selecting the "best"
equation for each cost element. However, past experience Indicates
that the resulting equation set would contain different size and perfor-
mance variables (e.g,, the engineering CER might utilize airframe unit
weight/speod, while the tooling CER uses empty weight/climb rate).
This would give the analyst the unenviable task of trying to explain
why one size/performance variable combination predicts cost more

Table 13

VARIABLE COMBINATIONS EIXAMINED'

Sample

Full Bomber/ Attack
Estimating Fighter Transport Aircraft.

Sample Sample Sample Sample
Variable Combination Group" (Max, - 4) (Max. 3) (Max. 2) (Max,- 2)

1. Combinations incorporating
size and performit, ic S S S S
variablee on!y S/1, 8/1) 8/1' S/I)

2. Combinations that S/P/(C S/P/C 8/C S/C
additionally incorporato S/1/P(; S/I'/I'( 8/P(', 8/1;
conmtructlon/prograiv /ll S/c,
variables S/11(1

:, Combinations that
additionally incorporate
fighter technology index S/f•I'T
'S - size; P - performance; C - construction; PiG - irogram; TI - fighter tech-

nology index,
"The reason for these grouipinogs is Uxlpliih1 ad In the 0IcI(,inlopa ying text..

:'Except for the flight-text cost element., for which the niandiitory variable was the
number of test aircraft.
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accurately for one cost element while another combination predicts
cost more accurately for another cost element, Furthermore, variable
interaction (e.g., interaction between speed and rate of climb) would
make the user's input task more difficult. On the other hand, such
mixing of size and performance variables could in fact be the preferred
solution. Consequently, where applicable, two types of equation sets
have been developed: one that maintains the integrity of the set size
and performance variables and one that utilizes the "best" equation for
each cost element regardless of the size or performance variables.

The first step In addressing the three study premises delineated in
Sec. I was to identify, by sample, all potentially useful estimating rela-
tionships for each cost element resulting from the variable combina-
tions listed above. For this first step, "potentially useful" included only
those estimating relationships in which all equation variables were sig-
nificarnt at the 5 percent level. Each equation satisfying this initial
screening criterion was then scrutinized in accordance with a set of
evaluation criteria dealing with statistical quality, reasonableness of
results, and predictive capability (described below).

At this point, we addressed the marginal benefit of adding a
construction/program variable or an objective technology index to the
estimating relationships. This was done by comparing the estimating
relationships in variable combination groups 2 and 3 (see Table 13)
against the corresponding "baseline" estimating relationships In group
1, Assuming that everything else was roughly comparable, the primary
measure used to assess the benefit was the improvement in the stan-
dard error of estimate when the construction/program variable or tech-
nology index was incorporated.

The next step was to develop, for each sample, the two types of
alternative equation sets discussed previously. For the first type, this
consisted of selecting the "best" estimating relationship for each of the
"most promising" size/performance combinations for each cost ele-
ment, For the second type, it consisted of selecting the single "best"
estimating relationship for each cost element. Generally speaking, we
tried to select estimating relationships that satisfied the following
objectives:

* Each variable is sigiificant at the 5 percent level.
* Variables taken collectively are significant at the 5 percent

level.
* Credible results are produced.
a There are no unusual residual patterns.
a The standard error of estimate is minimized.



We next selected a "recommended" set for each sample. This selec-
tion was based primarily on a comparison of the individual equation
standard errors of estimate and how well (in terms of relative devia-
tion) the sets as a whole estimated the costs of a subsample of four
recent aircraft.

Finally, the "recommended" sets of estimating relationships for each
mission sample were compared to the "recommended" set for the total
aircraft sample to address the issue of sample homogeneity,

Multiple-regression analysis was used to examine the relationship
between coat and the explanatory variables, Because of time restric-
tions, we tested only one equation form--logarithmic linear. The
linear model was rejected because its main analytic property, constant
returns to scale, does not correspond with real-world expectations. Of
the two remaining equation forms considered (logarithmic and
exponential), the logarithmic form seemed most appropriate for the
cost estimation process, since it minimizes relative errors rather than
absolute errors, Also, a prior RAND study that examined the loga-
rithmic and exponential forms in the context of airframe CERs con-
cluded that "the logarithmic model form appears more realistic than
the exponential form on both prior judgment and subsequent analysis
of the residuals."4

Cost-element categories that are a function of quantity were exam-
ined at a quantity of 100. Developing the estimating relatioiship at a
given quantity rather than using quantity as an independent variable
in the regression analysis (as was done in Ref. 2) has the following
advantages:

"* It provides an extra degree of freedom.
"• It avoids potential serial correlation' problems,
"* It avoids unequal representation of aircraft (caused by unequWd

numbers of lots).

EVALUATION CRiTERIA

The estimating rill ation.4hips obtained in this analysis were
evaluated on the basis of their statistical quaility,ý' intuitive rewLeanahle.
ness, cnd predictive properties.

"Ref. 22, 1). :1t.
"4StaIt.istjle 'ir hased ofn thu l•gmill'vnic fioiil , ffl iv .,qt tiol,.
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Statistical Quality

Even with the limitations placed on possible variable combinations
in this study, the potential number of estinmating relationships is still
substantial. The numbers for the engineering cost element alone for
each sample are shown below:

'total sarnplo ......... ,.... :387

Bomber/trnnmport manliple ... ,... 45

To reduce the number of emtimatting relationsihips requiiring closer 8cru.
tiny, we used variable mignifirance as an initl,:l wcreening device-in
goneral, only equationsH for which all variables wore significant at the 5
percent level (based on a one-siwded t-test) were presented in our Sam-
ple results (reported. in tho companion Nottw). Occasionally, howover,
this criterion was relaxed so that a useful comparison could be pro.
vided or so that the requirem~ent foir integrity of' set size aind perfor-
mance variables couild be fulfilled.

The following statistival xnioci~res and cheeks were alfic titilized ill
the evaluation process and are presented in the companion Noteti:

* Th cooffhceiii, of determination (R2) waN uged to indicate t1.1
percentage of variation explained by tho regression equation.

e The standard error of estimate (S1EE) wag used to indicate the
degree of variation of dalta tAbout the regressuin equation, It iis
gi~en in logarifl hnic lorin h~t. rmiy he convertedl into a perceln-
tage of' tlný corrosponding houir or dol110- va1Lue by prlorni ig

(h1) e1X -. .I

For example, a logarithmnic standard error of' 0.1.8i yields Stall-
durd kerror Perceiitag~e:i of' +20 and -- K of tIfhe c(1rrespond~iug
hour or dollar value.
a''eF-distribo~tionl Was kwtA to determine colklecively whether

the e-,xjjiilit~ory vtiriaiblei heing evaluiated affect coit.. Gienerally
spea kinrg, thos( e eqjuia tiotis for wh~ich die probabil ili ty oi Olt In aid
h~ypothesis wat; greaiter thiui 0,05 we re nwAv ded When Fe!evt~i g
rep reseniitativye e(lllati( i soI.,

*We c huekev fo+ r p ite atitAl 11ml ticol linenriP,'p hIn be ma 1),, deter -
min iniiag thu co rrelant ion n f e tic I in dupentde nt var a i Au ill an
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estimating relationship with all other independent variables in
that relationship, Generally, we avoided estimating relation-
ships with intercorrelations greater than 0.8.

e Plots of equation residuals were given cursory examinations for
unusual patterns. In particular, plots of residuals versus predic.
tions (log/log) were checked to make sure that the error term
was normally distributed with zero mean and constant variance,
Additionally, plots of residuals versus time (log/linear) were
examined to see whether or not the most recent airframe pro.
grams were overestimated or underestimated Generally speak-
ing, estimating relationships with patterns were not considered
for use in representative equation sets.

"* "Cook's Distance" was utilized to identify influential observa-
tions in the least-squares estimates,"1 It combines Individual
measures of residual magnitude and "location" within the factor
space to produce a measuro of the overall impact any single
poLat has on the least-squares solution, For purposes of this
analysis, an influential observation was one which, if deleted
from the regression, would move the least-squares estimate past
the edge of the 10 percent confidence region for the equation
coefficients. When an observation was consistently identified
as influential, it was reassessed in terms of its relevance to the
sample in question, If a reasonable and uniform justification
for its exclusion could be developed, the observation was deleted
from the sample and the regressions were rerun (in fact, this
occurred only when the B-58 was deleted from the
bomber/t.rantsport sample), Otherwise, the influential observa-
tion was simply flagged to alert Iotonltial users to the fact that
its deletion from the regression sample would result in a si1rl~ii..

cant chlalge il the equation (oefl'vie tili.

Reasonabloness

Variable coefficienis used in airfranme (ERs should both provide
credible results ond conform whenever possibhle tu the normal estinlat-
ing procedures employed by the airfranu industry, Thus, an estitnat-
ing relationship with a variable colfficient, sign that was not. consistent
with a priori nntions (see Table 1') wis not considered fbr inclusion in
a tepresontative eqital.io i set..

We also paid close aittention1 In the 1110gnittudie ol vori01bl k e e oui-
ciellts Lo ew..re thbtt, realistic results were olbtah•nel from a.ll eq, lttions.

"Soue h ',:¢
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Table 14

A PRIORI NOTIONS REGARDING EFFECT OF INCREASE
IN EiXPLANATORY VARIABLE ON COST ELEMENT

Mfg. Mfg. Dev, Flilght Quality Total
IEaplanatntry Variable Hngr. Tooling Labor Material Support__Teat Control Program

Slze
Airframe unit weipht (AUW) + + + + + + + +
Empty wesight (EW) + + + + + + + +
Wetted area + + ± + + ± +

Tochnical/perrormance factorit
Maximum speed.4 + + 4.t + 4- + +
Speed clame + + .4. + 4- + +4 +
Speciflc power +. + + +. + + + +
Maximum mpeevif energy +s + + + I +. -+ +
Climb rate + + + + + + +. +
Maximum sustaiioned load factor + + + + + + + +
Thrut. tto -weight ratio + '. + + + 4 + +
Brsgust range factor + 4+ + +
Useful load fraction + + +. + 4

Predioted first, flight date
(technology index) + + + + +

Predicted first nlight date
(Compositeo porfortnanre) + + + 4. W + +. 4

Construction
Design uIthnuate load factor + + 41 4.+

struot~ural efficiency roctorl, - --

Carrier capabililty designator' +4 + + +. + +
Enginu location designator(' I + I?
Wing type designator'4 + + + + 4
Itatio of wing area to Wetted area -

Ratio or (EW.AUJW)/AIJW +. -- .4 + + .1, +.
Ratio of nvionhavi N, ight to AIIW I- + 4. +. 4 +
Number oif hlteia boxes; + 4 4. + .4 A. +

Program
Nllmhcr of test aiircraft 4.
Meixiioutil tooling viplabliits 4.
Now unmine liefilmnator'
C7ontraector vitprieiive demigioilor' 4 1 1
VWenpill mystlo (lnvtolr1111( I -f 9. 44.9

Prograinty pt rleeilglut or" T T1'I

NOTRl A plume Intliclelm'5I a011 prVi 4t ~itil jllolm, itnekwiv e tteci Ali t'fiwl that wome thoughltil
to 110 11Nugi iglie III I nII(Iittted by If bliiek, anid .* i oinvert iii Cutfe IF jidivuitted hy it (tlilfitioll maerk.

18peed cluesie: I - (uoset, Niach Meit 1m; 2 - NIneei .9r) to Mitch I .94: A Mach It,96 to Mavh 2.6;I -..
greater Ilaio Mitch 2,r).

"4,ow vatlues are more difficult itI adltirv,
No - 1; vuls - 2.
I[Paigine locat ion e utubudeid Iit fuifecirge 1; Iin nilem Ike~in de r WI11I4 - 2.

'Wing types: I - et raimaht: 2 - aweutll : delto I 4I -viriable lt seelt
'Y m- I: o tit 2.

Woturit lreilt 1 I proc iii vil- 2
"O)ver time, maucjor aiieii-itly lai~t'bo llrshu livI( ittuitl to dvertoitM huell'IIwi el improvolliveeuelk III

lheetkie o the I nlr odumlllol of 4rI l itilfulr( 15 111 l it and vo l~ip Itellrrli 111 Iel htr.llvls . ffr io leli eral

il nII--I'l-lu~ hur. .U
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This applied to coefficients that appeared to be too small as well as to
those that appeared to be too large. The situation is especially critical
with respect to dummy variables (e.g., the contractor experience desig-
nator), where the answers are most often given in terms of all or noth-
ing. While most determinations of this kind are subjective, there was
one application that was relatively objective. Traditionally, size vari-
ables provide returns to scale in the production-oriented cost elements
(tooling, labor, material, and total program cost)-that is, increases in
airframe size are accompanied by less-than-proportionate increases in
cost,7 If the opposite phenomenon is observed, it is generally believed
to be the result of failing to adequately control for differences in con-
struction, materials, complexity, and/or other miscellaneous production
factors, Consequently, we generally tried to avoid estimating relation-
ships containing variables with exponents that we felt were either too
large or too small (that is, exponents that placed either too much or
too little emphasis on the parameter in question). But even more re-
strictively, for the production-oriented cost elements, no estimating
relationship possessing a size variable ei.ponent greater than one was
considered for a representative equation set,

Predictive Properties

Confidence in the ability of an equation to accurately estimate the
acquisition cost of a future aircraft depends largely on how well the
acquisition costs of the most recent aircraft in the database are
estimated. Normally, statistical quality and predictive quality are
viewed as one and the same. Unfortunately, when dealing with air-
frame costs, this is not always the case, because our knowledge of what
drives airframe costs is limited and because the sample sizes we are
dealing with are relativoly small and not evenly distributed with
respect to first flight date (see Fig. 3)." Consequently, we also
evaluated the estimating relationships on the basis of how well they
estimated costs for a subset of the most iecent aircraft in the database,

An equation's predictive capability can usually be seen by excluding
a few of the most recent aircraft from the regression and then observ-
ing how well (in terms of the relative deviation) the resultant equation
estimates the costs of the excluded aircraft, However, in this case, the

7'11htI conel)t. date.w Nick to the otirly I 40s and the mo-vaload AC(X) Iicltor (whid
took it.H name from 1.ho World War It Aircraft Hvotiro'e" (.Coitrol Offlcv),

8Only aircraft In the R{ANI) airtratne co•it datablut are refl•cted in this figure, Firet
flighth of Inodtflcattlon nirc.aft, nirc raift that nver entered prmbdclion (,.jg,, the F-107),
and remciti rL!;ra1t for which n a roduct oio qOuinltity of 1 0(It hag not yet bwee, reached (e.g.,
the V4 1-) aru' epecuficay
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Attack aircraft

Bomber/transport aircraft

D] Fighter aircraft

Trainer aircraft

1950 1955 1960 1965 1 n70 1975 1980

Year

Fig. 3--Number of first flight events, 199-.1978

small sample sizes preclude this option. Consequen'tly, the measure of
predictivo capability used in this analysis was the relative deviation for
a subset of recent sample aixcraft. The relative deviations were deter-
mined on the basis of the predictive form of the equation, not the loga-
rithmic form used in the regression.9

SUPPORTING DOCUMENTATION

The companion Notes (see Preface) provide sufficient information to
enable users to make their own judgments concerning the appropriate-
ness (if the "recommended" set. The Notes contain:

o Plots of cost versus airframe unit weight for each cost element.
e Summary tables, by cost element, of all estimating relationships

nieeting our initir.1 screening criterion (each variable signitecant

coIi . si fistintated in ai hg-linear urim such ah

In (70,81 .- fl,, i ý41 In WlIGHT' I ( In ,hi IEE) i Inc,

the expectted xiost iN given by

COSI, -' (011 wl•r v WE~t''''N, ; 11, ,X 0 ..

whert a' iH the uctuual viriaunce o'f ( i the lor,-limnir eqtimtion. ince tihe tm il wiriamwe
-• not. k•nown, the •itaitditrd err, r ot' eRtinlte can be iied is ian auplr ximaiion (hoe Hef.

22, 1). 44).
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at the 5 percent level). Additional informnation includes the
F-ratio, coefficient of determination, standard error of estimate,
rhunber of observations, intercorrelation thresholds, identifica-
tion of res.-'dual patterns and influential observations, and com-
ments on the reasonableness of results (sign and magnitude of
variable coefficients).

The presentation of all equations meeting cur initial screening criterion
serves two purposes. First, it enhances understanding of the factors
that affect airframe costs (e.g., those characteristics that are significant
In the context of the variable combiluations investigated). Second, it
provides alternatives that may he better suited to a particular situation
than the recommended set. Clearly, the selection of a "recommended"
set ior each sample is by nat.-ro subjective. Consequently, our "recom-
mended" sets should be viewed only as possible solutions. All relevant
reaults sliould be reviewed before a course of action is selected.



V. FULL ESTIMATING SAMPLE RESULTS

RECOMMENDED SET OF CERs

Generally, for each of the airframe cost oategories, we were able, to
identify at leapt a half-dozen potentially useful estimating equations.
Nevertheless, we selected one set of equations, which we considered to
be the most representative and applicable to the widest range of
estimating situations.1 This set, which utilizes empty weight and speed
as the basic size/performance variable combination, is presented in
Table 15.

The estimating rulatlonships in Table 15 are based on a subsample
of only 13 aircraft. We chose not to use the full sample because obser-
vations made during the course of the analysis raised questions con-
ovning the applicability of some or the older aircraft in the sample to
aircraft of the future. More specifically, the engineering, manufactur-
ing material, development support, flight-test, and total program CERI
tended to underestimate the costs of the most recent aircraft. An addi-
tional analysis of post-1960 aircraft indicated that this subsample
would be a better guide to the future.

The estimating relationships in the recommended equation set vary
significantly in statistical quulity. Four of them have standard errors
of estimate of about 0.30, while the other three hay6 standard errors of
estimate uf about 0.50 or greater, None of the equations meets our
standard-error-of-estimate goal of 0.18.2 OC the other hand, the lowest
standard errors of estimate in the set are associated with cost elements
(tooling, lnbor, and material) that typically account for 66 percent of
total program cost at a quantity of 100; at a quartity of 200, those ele-
ments account for 71 percent, Finally, despite the sample stratifica-
tion, there is still some tendency for the engineering, development sup-
port, and total program cost equations to underestimate the costs of
the most recent sample aircraft.

1The complete onalyein of the full estimating sample is provided in Note
N-2283/1-AF, Aircraft Airframe Cost Eatimatin• Relationships: Ali Minsion Tý-pes.

2A. value of 0,18 (roughly 1,20 percent) as a goal may seem high. Howeve,, past
RAND experience (sme Refs. 1, 2, and 3) indicates that the derivation of an airframe
CER with this low a standard error of estimate would be quite an kccomplishment,
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Table 1I4

SET OF AIRFRAME CWRs BASED ON SAMPLE
OF 18 POST-1960 AIRCRAFT

Equation R2 SEE F N

CERa for Individual Cost Elements

ENOR100 - .0103 EW1%o]1, SPf,1l ,72 .55 13 J3

TOOL100 - .0201 EW(J.000 SPA,•) .02 .25 56 13

LABRioo - .141 EWý%) SPJo81;) .88 .31 38 13

MATLtoo - .241 EW1%S) SP1,joa .91 .30 51 13

DS - ,09,51 EWJ01 ,o .54 .82 6 13
FTr .687 Ewl%•) SP.B T6eTAC8i W .83 .48 15 13

QC100 - .076 x LABR11• if'fargo - - - 2

- .133 x LABRto if noncargo I1

CER for Total Program Coat

PROOHo - 2,57 EWI!5 ) SP•- 3B .36 20 13

NOTE: Alnhams costs may be tatimated at the major cost-element
level or, alternatively, direotly at the program level,

R2 - coeffilient of determination; SEE - standard error of estimate
(logarithin); F - F-statistic; N - sample site, Numbers in parentheses
aro signifivance levels of Individual variables. Notation in equations is
defined in tho list of Acronyms and Abbreviations (p, xill).

Suggested oost-qufintity slopes and labor rates to be used in conjunc.
tion with this set are provided in Appendix ,).

CONSTRUCTION/PROGRAM VARIABLES

Our attempts to incorporate construction and program characteris-
tics were not successful. Alth6ugh variables characterizing the equip-
ment placed within the airframe structure and contractors' relevant
experience were frequently found to be statistically significant, they did
not, as a rule, result in any substantial improvement in the quality of
the equations. In most cases, the equations incorporating such vari,
ables did not produce results that we viewed as credible, Moreover,
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even in those few instances where the equations did produce credible
results, the reduction in the standard error of estimate was never more
than two or three percentage points.

COMPARISON WITH DAPCA-III RESULTS

Overall, the statistical quality of the set of airframe CERs presented
here is ziot muuh different from that of the previous set of RAND-
developed airframe CERs (DAPCA-I11).3 A comparison of the stan.
dard errors of estimate of the two sets (Table 16) yields mixed results:
Those of the current set are lower for the tooling, labor, and material
cost elements, but higher for engineering, development support, and
flight test, Furthermore, there is little difference in the accuracy with
which the two sets project the costs of the subsample of 13 post-1960
aircraft (see Table 17), However, since only two of the current
equation-set estimates fall short of the corresponiing DAPCA-II e~ti-
mates (see Table 18), and the shortfalls are both small, it is not unrea-
aonable to suggest that the current equation set will produce estimates
that are greater than or uJqual to those produced by DAPCA-Ill.

'Table 10

COMPARISON OF STANDARD ERRORS OF ESTvMATr&t
DAPCA-I! AND CURRENT REICOMMENDEI) EET

Standard Error of

Estimate (log)

Cost Eloment DA ACA41I Currenlt

Engineerig 0.26 0,55
'1aolng 9.41 0 26

Manufacturing lebor O,.34 ().: 1
Manufhcturing aintrid 0186 0,.30
Development support 0.721 0.82

Flight test 0,44 0,48
Total' program 0.27 0,36

"Labor component uf development support,
'Ma,,orlal component of devec, pmniit support.

3Th, DAPCA-11I eatimating relationships are given In Appendix C.
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Table 17

RELATIVE ACCURACY OF ESTIMATES OBTAINED USING
DAPCA-III AND CURRENT EQUATION SETS

(Percent by which actual cost exceeds (+)
or falls short of (-) estimated cost)

Sum of Elements Total Program CER

Aircraft DAPCA-Ill Current DAPCA-ll1 Current

A-6 +11 0 +10 + 0
A,7 -81 -86 •86 -85
A-1.0 +15 +13 +17 +15
C-5 +12 + 4 +14 + 5
C-141 -43 -64 -46 -67
F-4 + 7 -14 + 2 -16
F-111 +17 +2 +16 +7
F-14 - 7 -22 -11 -20
F-15 +9 -15 +6 - 5
F-16 -8 -23 -13 -20
F-18 +30 +33 +34 +36
'I'39 -36 -37 -40 -39

S-3 +44 +39 +45 +40

Average of absolute values 25 27 26 27
Number underestimated (W) 8 5 8 5
Number overestimated (-) 5 7 5 7

Table 18

COMPARISON OF ESTIMATES OBTAINED USING DAPCA-III
AND CURRENT EQUATION SETS

Percent by Which Current Set
Estimate Exceeds (W) or Fails

Charactersticii Short. of (-) DAI'CA-II Estimate

Airframe
Unit ERmpty Totil

Weight Weight, Speed Sum of' Program
Aircraft (ib) (lb) (kn) Elements (,EH)

A-6 17,15) 25,298 561 +1:1 +11
A-7 11,621 15,497 595 + 2 0
A-10 14,842 19,850 .189 + 2 + I
C-5 279,145 820,085 495 4 9 +10
C-141 104,322 1:16,i0() 491 415 +15
F-4 17,220 27,530 1,222 +2W +18
F-111 33,15( 46,170 1,262 +17 +11
F-14 26,500 36,825 1,000±+ +14 + 4
F-15 17,550 26,7965 I,000(+ +26 +14
F-l6 9,565 14,062 1,00(0+- + 14 + ti
F-.1 16,m()0 20,583 1,000o+- + 6 --.
T-39 7,027 9,75:1 468 + I - I
S-3 18,5:36 26,581 429 +10 + 9

'Actual value is classified,
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INCORPORATION OF A TIME VARIABLE

As stated previously, the engineering, manufacturing material,
development support, flight-test, and total program CERs for the full
sample tended to underestimate those costs for the most recent sample
aircraft. Our preferred response was to limit the sample to post-1960
aircraft. However, another approach is possible: the incorporation of a
time variable Into those equations that exhibit a pattern of underesti-
mation. Our analysis of this option Is described below.

The use of a cumulative time variable in a CER is not a new idea
(e.g., see Refs. 3 and 4). Such measures are typically utilized when it Is
not otherwise possible to characterize the changes in cost that have
occurred over time, A time variable invariably captures the combined
effect of shifts In many divers~e factors, including the regulatory frame-
work, aircraft "cquality" (factors not directly related to speed such as
maneuvering capability, the materials of construction, and the level of
system integration), and Improvements in production technology and
labor productivity. Consequently, when using a CER equation that
incorporates a time variable, the analyst must ensure that the same
factors will be operating in the future, and that they will operate in the
same manner. Clearly, the opacity of such time variables makes this a
nontrivial task.

The specific measure of time we examined in our analysis was the
aircraft's date of first flight (in months since January 1, 1940). After
examining the relevant full-sample residual plots, we looked at two
forms of the first flight date (FFD)-linear and logarithmic. Given the
logarithmic form of the dependent variable, the linear form of FFD
results in an accelerating rate of cost Increase (assuming a first flight
date coefficient greater than zero), while the logarithmic form of FFD
results in a decelerating rate (assuming an exponent of less than one).
Unfortunately, we have no a priori notions with respect to whether the
rate of increase is increasing or decreasing.

The results of our analysis are summarized in Table 19. As indi-
cated, from a statistical standpoint, the two sets are essentially identi-
cal. Furthermore, all of the time-related residual patterns have been
eliminated, and with the exception of the tooling equation, both sets
have standard errors of estimate that are either roughly equal to or
better than those of the 13-aircraft post-1960 equation set (see Table
20).

In short, the introduction of a time variable solves the underestima-
tion problem and generally results in CERs with standard errors of
estimate lower than those of the recommended equation set. Unfor-
tunately, there is one major difficulty--we are unable to say which of
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Table 19

EQUATION SETS INCORPORATING ALTERNATIVE FORMS
OF TIME VARIABLE

Equation R2 SEE F N

Part. A: Linear Incorporation of First Flight Date
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DS - 00893 EWi71,74 SPj110 010034H 7 15341000,~o) ,.-(100 1) ('001) .60 ,73 15 34
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Table 20

STANDARD ERROR OF ESTIMATE %LOG)

34-Aircraft
13-Aircraft 34-Aircraft Sample with
Post-1960 Sample with Logarithmic

Cost Element Sample' Linear FFD FFD

Engineering 0.55 0,37 0.36
Tooling 0.25 0.36 0.36
Manufacturing labor 0,31 0,29 0.29
Manufacturlng material 0,30 0.29 0,28
Developmeiti support 0.82 0.73 0.73
Flight test 0.48 0,52 0.50
Total program coat 0,36 0,27 0.27

the two FFD forms will more accurately reflect future industry experi-
ence, The statistical analysis, which included an examination of resid-
uals, indicated that the two sets are virtually equivalent in terms of
explaining the variation within the database, The inability to distin-
guish a preferred variable form has significant implications for estimat-
ing the costs of future aircraft, As illustrated in Fig. 4, for an aircraft
with a projected first flight date of 1995, the difference in assumptions
(linear FFD vs, logarithmic FFD) leads to a difference in estimated
cost of roughly 50 percent, Because of this large variation, we do not
recommend use of either equation set incorporating the time variable,
We feel it more Judicious to use the equation set without a time vari-
able and to explicitly identify potential changes, estimate their likely
effect, and then adjuMt. either the eciuationH or resulting, estimates
accordingly,
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4500 Aircraft characteristics (hypothetical)'

4,200 - Empty weight = 27,000 lb L inear FFD

3,900 S- peed = 1,250 kn (Table 19)
~~600 No. of test aircraft = 10 (al 9

3,300 - Range of database- e

3,000 -

2,700

2,400 .

~.2,100 -O

1 -- 0 I oquation set
21,200

I 00(Table 15)
*R 900 -000

0.' Log transform
600 - of FFD

300 - (Table 19)
300 -

0 1 - .... - t. . I t.

Jan Jan Jan Jan Jan Jan Jan
1940 1950 19o0 1070 1980 1990 2000

Fig. 4-Total program cost as a function of time
(based on sum of individual elements)



VI, FIGHTER RESULTS

RECOMMENDED SET OF CERm

The recommended set of fighter airframe CERs (Table 21) utilizes
only one variable-airframe unit weight-and is based on a subeample
of six post-1960 fighters,' This equation set provides results that we
believe to be more credible than those prodnced by multiple least.
squares regression analysis of the full 17-aircraft fighter sample. Bali.
cally, we were not entirely satisfied with the results of the regression

Table 21

SET OF AIRFRAME CERs BASED ON SAMPLE
OF 6 POST-1900 FIGHTER9

ENG1•R1 ,o• 2,31 AUWV '

q'100lul1),) 1.,8 AUW'-*1:

LABRI)o1 - 25,4 AUW'1178

MAT1' 11,(o - 4:3. AU W,1"1

DS - .7 x ENGC1RC

FTI -. 271o() I,,VAC-l,.

QC(' .,142 x: A IA1[ ),)

NOT'I'iES: RN0\(II(> t.lol he ev~tilLLk!od 1wh lW'()l11wM;
N(I ,I .- ,,I7) 0 I, N(ilI •,, x $2"/A . 'hr, whore

,470 im the niunrue,'urrilng pourtion of hih, tI) lii
mghntring ufhiuflrt dI'r the , fi1sl O) nii'', and))
$)27,60 is Lhiv iully huurdelud hotn rly q,-lmghrizu)
[t.,. in 19)77 dolhirm.

Higllg))) tlLd [I(I, UM.- iluliM y V uupl i tuuI Idihulr r lwl

I lln h 114 ill I )ljI lli l i ll w h h q.,i l, IIl'l id.d

'Thu 'Ulf)lnj)1 e IgihI•er IInytioui iii provided ill Note N-2283/i..,., Air'pruft A ir;i-niv
C'ust IE, ILo ting Ia(,lutiontships: F'ig)hter,"
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analysis of the full fighter sample. We were able to idontify only P. sin-
gle acceptable estimating relationship for both the labor and material
cost olements (which together account for roughly 50 percent of total
cost), and in neither case did the relationship include a performance
variable. Furthermore, during the rourse of the analysis we identified a
tendency fbr all the fightars except one to cluster by time period, as
shown in Fig, 5. (The F-16 is the exception to the clustering pattern.)
Unfoitunatoiy, we were not able to adequately address the underlying
causes of this clustetiug. But since these CQRU uve intended primarily
for prediction and not for historical analysis, it ieemed quite logical to
tuke advantage of the clustering obseivation. In short, the post-1960
fighters appeared to be a better guide to the coits of future fighters
than did the Nll fighter sample,

7,0)

6.4 . .,
F4 F4 F.1I i

0 F,,106 F-105

S"SP 6.4 --

_a .1• fihtr

0 r

t, '5 .15 fighters

F.80 F. 100 i..,,Pre.1954

b9( : F3D) F"1

9.00,5 10,53

Naldial lgiarithin Of airfria'ne uJnl wnIJht

Fig l-- jl.piC11l f~g~fl 0r' {.luster palttei'ln
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Since there were only six observations in the post-1960 sample, one t
of which was always an outlier and another of which was occasionally
an outlier, the equations were determined by subjectively fitting a line
to the plot points and then backing into the initial coefficient and vari-
able exponent. The fitting for each cost element was based on a single
variable, airframe unit weight (except for flight test, where the number
of test aircraft was utilized). The ranges of characteristic vahles of the
six fighters are shown below:

Poat.1960
Characteristic Database Ratnge

Airframs unit weight, lb 9,565 33,160
Enmpy weight, lb 14,062 - 46,170
Speed, kn 1,000+ 1,250-
Specific power, hp/lb 1.94 - 4+
Climb rate, ft/mln 11,600 - 80000+
Number of flight.test alrcrtift 7 - 20

Note that while specific power and climb rate still vary over a fairly
large range, the range of speed valuea has become fairly narrow,

CONSTRUCTION/PROGRAM VARIABLES

With the exception of a variable that distinguishes the. older fghters
(which were essentially gun platforms) from the mare mode.n fighters
(which have sophisticated fire control and missile armament), our
attempts to incorporate construction and program characteristics were
not successful, Although several of the variables characterizing equip-
ment placed within the airframe structure were found to be statistically
significnnt, they did not generally result in any subskantial improve-
ment in the quality of the equations. In most cases, the equations
incorporating such variables did not produce results that we viewed as
credible. Moreover, even in those few instances where the equations
did produce credible results, the reduction in the standard error of esti.
mate was never more than two or three percentage points.

TECHNOLOGY INDEX

We were able to identify only one equation (that for the engineering
cost) in which the objective technology index (PFFD) was significant ut
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the 5 percent level in the context of the tested variable combination
(size/performance/technology index):

RI SEE F

ENGRicx - .00242 AUW?.a) SPPWRj%%i) PFFDj%6f) .97 .16 134

where

AUW - airframe unit weight (lb)
PFFD . predicted first flight date (months since January 1, 1940)

SPPWR - specific power (hp/lb)

However, the correlation of AUW and SPPWR with the technology
index is greater than 0.9. Furthermore, the equation offers little
advantage (in terms of the standard error of estimate) over alternative
forms that do not have the technology index. We conclude that this
index, as now defined, Is of little benefit to fighter airframe CERM.
This measure is really a composite performance variable and conse.,
quently very highly correl 1-1 with most of the performance variables
we tested; when treated " performance variable rather than as a
technology Index, it is about as good an explanatory variable as speed
and specific power,

COMPARISON WITH FULL ESTIMATING SAMPLE
EQUATION SET

Table 22 compares how accurately the full estimating sample equa-
tion set (Table 15) and the fighter subsample equation set (Table 21)
estimate the costs of the six post-1900 fighters. On an overall average
basis, the fighter equation set does slightly better. However, the two
sets differ considerably with respect to which will produce the higher
estimate, As shown below, the fighter equation set produces considera-
bly higher estimates than the full sample equation set for the F. 16 and
F-18:

Percent by Which Fighter $st EKtimate
Exceeds All-Minsion Set Entihate

Sulu of Totml
Aircrafl Elemonts Program CKR

F-16 2 3
F-18 22 '22
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Table 22
RELATIVE ACCURACY OF ESTIMATEF4 OBTAINED

USING FULL ESTIMATING SAMPLE AND
FIGHTER SUBSAMPLE EQUATION SETS

(Percent 1)y which actual cost exceeds (+)
or fal& short of (-) estimated cost)

Sumn ofkt le2ononits Total i'rogrnrn (, ET

All-Miswlon Fighter All-Mission Fighter
Aircraft Sampl8e s8rmple Sample Sample

F-4 -14 -I5 -16 -4
F-lit +:I +6 +7 + 7
P-14 -22 -17 -A0 -- (1,
F.1-1 -- 1 .5 + 7
F-16 -231 -33 -20 +-23
F-18 - :33 +18 --16 q22

Average of absolute values 18 13 .17 18
Number underes•tmanitd (W) 2 2 "? ý3
Number overestimated (-) 4 1 4 1

However, for the remaining fighters, all of which are ,'.ir and faster
than the F-16 and F-18, the all-mission typo equatio, .. ,inds to pro-
duce greater estimates:

Percent by Which All-Mission Set
Estimate fsx.ýecds Fighter Set Estimate

Su1 of Total
Aircraft EleImoiiti Program CER

FA 2 1]
F,. 11.1, 4

F-14 4 4
F-l.8 15 13

Exactly which equation met will provide the higher estimate in any
given situation depends on a number of fadtors, including the aircraft's
absolute weights (airframe unit and empty) and speed, and also t)e
relative difference in its empty weight and airframe unit weight. In
general, however, it appears that the all-mission--type equation set will
produce higher estimates foer relatively heavy, fast fillghters, while the
fighter equation set will produce higher nstiziates for relatively light,
"iAlow" fighters,



VII. BOMBER/TRANSPORT RESULTS

RECOMMENDED SET OF CERs

We were not able to identify any acceptable estimating relationships
for any of the individual cost elements or for total program cost,' We
believe this failure can be attributed to three factors:

1, Lack of variation in performance variables.
2, The distribution of aircraft with respect. to size.
3. The heterogeneity of the sample,

Lack of Variation in Performance Variables. Common sense
suggested that the B-58 did not belong in the bomber/transport sam-
ple, It is a relatively small, supersonic aircraft, while the remaining
bombers and transports are relatively large and subsonic, Further,
more, the data plots, especially the engineering, material, development
support, and total program cost plots, showed the B-58 to be considera-
bly more expensive on a per pound basis than the other
bomber/transport aircraft. Consequently, we excluded the B.58 from
our analysis of the bomber/transport sample, As a result, most of the
variation in the principal perfortrance measures (speed and climb rate)
was lost,

Distribution of Aircraft with Respect to Size. Because they
are at the extremes of the bhmoier/transport smuple with respect. to
size, the, B/RB-66 aild C-5 are idcntified as influential observations in
nearly every equation documented in Note N-2283/3-AF. This point is
easily visualized from Fig. 63, However, we did not feel that size alone
-as a uitfficient; reason tor excluding th. aircralIt from the analysis.
1"I'lithermore, any a 1temptis to develop simple scaling rehlatinaships
without the B/1-3/3-66 and C-5 are likely to prove futile, sinace ' zir of'
the five rernaining aircraft (KC,- 15f, 13-62, (C-133, and C-141) tend to
line up vertically with respect to weight. (dashed box in Fig. 6).

Heterogeneity of the Sample. In addition to being small, the
satllple is not ais hIliomgetlteohs as it appears at first. glalnce:

"Ihe 1w C- IM( and C-,:1:1 alre )Io,)l),,Iler-(hrivei, lircitr f.
• Thue B/l{0-66 and K(,-1 35 wer: 'volht.iontry developmnlents.

S,,'- Note N 228 /:1. AV,', '.irrafl Airit-i/f . m' Cost /-I ,! 'n /g Itlifi shii ,s: lntlotr• ,
Miod Trimrslporls,
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-, C!30,-145

?ii:: 0-130

34 -gB/RB.6.

j3133

3.0 L __ I
10.6 11.0 1116 12.0 12,5

Natural logarithm of airframe unit weight

Fig. 6-Typical bomber/transport plot pattern

* The B-52 was into its fourth series (the "D" version) by the
time 100 aircraft had been produced.

* A very large proportion (approximately 50 percent) of C-141
costs represent subcontract effort; this may have distorted the
distribution of equivalent in-plant cost (Ref. 2, p. 50).

* The C-5 program utilized the acquisition concepts of total pack-
age procurement and concurrent development and production.

Given this much diversity in such a small sample, it would have been
surprising if we had bee" able to develop a credible set of CERs.

CONSTRUCTION/PROGRAM VARIABLES

The construction/program variables proved to be of little help in
improving the quality of the bomber/transport CERs, Each of the
size/program and size/construction equations that met our initial
screening criterion with respect to variable significance had difficulties
that made it unacceptable.



VIII. ATTACK AIRCRAFT RESULTS

RECOMMENDED SET OF CERs

We were not able to identify any acceptable estimating relationships
for any of the individual cost elements,1 We believe this failure can be
attributed to three factors:

1. Lack of variation in performance variables.
2. The distribution of aircraft with respect to size.
3. The heterogeneity of the sample.

Lack of Variation in Performance Variables. The speeds and
climb rates for all the samplo aircraft except the A-5 are clustered in
rather narrow ranges: 400- to 550-kn speed, and 5,000- to 8,000-ft/min
climb rate,

Distribution of Aircraft with Respect to Size. Because it is at
an extreme of the attack aircraft sample with respect to size, the A-4 is
identified as an influential observation in nearly every equation docu-
mrented in Note N-2283/4-AF. This point is easily seen in Fig, 7.
However, we did not feel that small size was sufficient reason for
excluding the A-4. Furthermore, any attempts to develop simple scal-
ing relationships without the A-4 would result in equations that show
extremely strong diseconomaies of scale, with respect to size.

Heterogeneity of the Sample. In addition to being small, the
sample is not as homogeneous as it appears at first glance:

"* The A-5 is a Mach 2 aircraft, while all the other sample aircraft
are subsonic. Similarly, the A-5 climb rate is over twice that of
all other attack aircraft.

"* The S-3 places considerably more emphasis on electronics than
ony of the other sample aircraft; this is reflccted in its black
box count and its ratio of avionics weight to airframe unit
weight, both of which fall approximately two standard devia-
tions from the mean,

"* The .-10 utilized the acquisition concepts of competitive proto-
typing and design-to-cost. In addition, it is the only aircraft in
the sample that is not carrier-capable and that does not have
swept, wings.

See Note N-22M8 /q-AF', Aircraft A.irframe Cost ,stir•m ting l6r'litionmshiip: Attack Air-
craft.,
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E 630 A

SA-1A.

Z A-7
--. tI

8.5 9,0 9.5 10,0

Natural logarithm of airframe unit weight

Fig. 7-Typical attack aircraft plot pattorn

The A-7, although classified as a new design, evolved from the
F-8.

CONSTRUCTION/PROGRAM VARIABLES

The construction/program variables proved to be of little help in
improving the quality of the attack aircraft CERs. Each of the
size/program and size/construction equations that met our initial
screening criterion with respect to variable significance had difficulties
that made it unacceptable,



IX. CONCLUSIONS

DEVELOPMENT OF AN UPDATED SET
OF AIRFRAME CERs

The equation set that we feel is most generally applicable to and will
most accurately reflect the range of estimating situations likely to ho
encountered in the future is the one presented in Table 15 (p. 45). It is
based on a subsample of 13 post-1960 aircraft. We believe that the
post-1960 experience is a better guide to the future than the full-
sample experience, which dates back to 1948.

Empty weights for the sample aircraft range from under 10,000 lb to
over 300,000 lb, while speeds range from 400 kn to over 1,250 kn. The
accuracy of the CERIs in the recommended equation set (as measured
by the standard error of estimate) varies significantly. Four CER.
have standard errors of estimate of about 0.30, while three others have
standard errors of estimate of about 0,50 or greater. None of the equa-
tions meets our goal of 0.18. On the other hand, the lowest standard
errors of estimate in the set are associated with cost elements (tooling,
labor, and material) -hat typically account for 66 percent of total pro-
gram cost at a quantity of 100.

The ultimate test of the set's usefulness will be Its capability to esti-
mate the uost of future aircraft. Unfortunately (from an estimating
point of view), airframes are changing dramatically with respect to
materials (e.g., more extensive use of composites), design concepts (e.g.,
concepts to increase fuel efficiency and to reduce radar cross section),
resources devoted to system integration (e.g., integration of
increasingly sophisticated electronics and armament into the airframe),
and manufacturing techniques (e.g., utilization of computers and
robots), Although we do not have the data to demonstrate it, we feel
that the net effect of these changes will be to increase unit costs, In
other words, we see no danger that the recommended equation set will
overestimate the Costs of future aircraft.

OTHER STUDY OBJECTIVES

In addition to attempting to develop an updated set of airframe
CERs, this study exaineiod in some detail the following possibilities for
improving CER acccuratcy:

61.
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* Stratifying the full estimating sample into subsamples
representing major differences in aircraft type.

• Incorporating variables describing program structure and air-
frame construction characteristics.

* For the fighter aircraft only, incorporating an objective technol-
ogy indes into the equations.

With respect to sample stratification, we examined subsamples
based on mission designation-fighter, bomber/transport, and attack,
We conclude that this approach offers no particular advantage: We
were not able to identify any acceptable estimating relationships for
either the bomber/transport or the attack aircraft subsamples. We
believe this is attributable to the small number of aircraft in these sub-
samples plus the fact that the subsamples are not nearly as homogene-
ous as the mission designations might suggest. For the fighter subeam-
ple, weight-scaling relationships were developed for each cost element
based on six post-1960 fighters (the F-4, F-111, F-14, FPl1, F-16, and
F-18).1 In general, this set of equations will produce larger estimates
than the all-mission type equation set for relatively light, "slow"
fighters (e.g., the F-16 and F.18) and smaller estimates for relatively
heavy, fast fighters (e.g., the F-14, F-111, F-14, and F-15). However,
using the average absolute relative deviations of the six post-1960
fighters as a basis, we found that the fighter equation set was only
slightly more accurate than the all-mission type set despite the focused
database.

We also conclude that the incorporation of variables describing pro-
gram characteristics and airframe construction characteristics does not
improve the overall quality of the equation sets. Although variables
characterizing the level of system integration were frequently found to
be statistically significant, they did not, as a rule, result in any sub-
stantial improvement in the quality of the equations, In most cases,
the equations incorporating such variables did not produce results that
we viewed as credible. Moreover, even in those few instances where
the equations did produce credible results, the reduction in the stan-
dard error of estimate was never more than two or three percentage
points,

Finally, attempts to incorporate an objective technology index into
the fighter estimating relationships were unsuccessful,

'Boo Table 21 in Sec, VI,
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USE OF RESULTS

The following potentially useful information is presented in this
report and its supporting Notes:

* Recommended equation sets.
* Plots of cost versus airframe unit weight for each cost element.
* All alternative equations meeting our initial screening criterion

with respect to variable significance.

We have presented extensivio documentation to assist the analyst in
deciding on an appropriate cc urse of action. Although we have selected
recommended equation sets, the ultimate responsibility for their appli-
cation rests with the user, bho should review all of the results before
selecting equations for a particular situation.

Equation Sets

Recommended sets of CE:Rs have been provided for military aircraft
airframes in general and fighter airframes specifically. These equation
sets may be used as is, or they may be tailored to fit specific cir-
cumstances (i,e,, adjustment of initial coefficient), However, even
when the sets are used as is, analysts should ensure that the charac-
teristics of the proposed aircraft fall within the range of the database
and that the aircraft does not possess any other features (i.e,, non-
database characteristics) that may set it apart,

It is suggested that fighters that fall within the limited range of
applicability of the fighter equation set be run through both the sub-
sample set and the full set. Although we were unable to develop any
compelling justification for its use, we did determine that the fighter
equation set generally produces higher estimates for lighter, "slower"
fighters than does the full estimating sample set, and lower estimates
for heavier, faeter fighters. Consequently, we believe that the fighter
set should be viewed as a complement to the full estimating sample set.
Once the applications have been imade, the results of the two models
can be contrasted, asr 1 only if there is a significant difference in the
results will the analymt need to address the question of which estimate
to use. Even then, that decision will probably be based largely on per.
sonal preference. For example, it there is more concern with the
potential adverse effects of! underestimation than with those of overes.
timation, more weight will clearly be given to the higher of the two
estimates.
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Data Plots

The data plots in Appendix A and the supporting Notes can be used
to estimate the costs of proposed aircraft by analogy.

Alternative Equations

Each supporting Note contains summary tables, by cost element, of
all estimating relationships meeting our initial screening criterion (i.e.,
each variable is significant at the 5 percent level). It is entirely possi-
ble that In some situations one of the alternative equations may be
more appropriate than the recommended one.

FUTURE WORK

No study of the type described here is ever complete. One analysis
leads to another ad infinitum, until at some point It is necessary to
call a halt, present the reaults, and go on to something else. We have
gone down a number of paths suggested by persons inside and out-
side of RAND and found that most terminate in a cul-de-sac, None
of the many independent variables considered offers much hope of
improving the reliability of estimates obtained using only weight and
speed.

Interestingly, this was the conclusion reached by the analysts who
developed the previous set of RAND airframe CER., and it is equally
applicable now.

With respect to future airframe CER efforts, there may be some as.
yet-untested variables that will help to improve equation accuracy.
Variables that reflect differences in airframe design concepts, materials
composition, manufacturing methods, contractor capability, and the
system integration effort appear to show the most promise. However,
developing unambiguouc measures for these characteristics and collect-
ing the necessary data will be a major effort, And if such definition
and collection efforts are not expected to be successful,:' there is pro-
bably little merit in undertaking future studies of this type. We say
this for two reasons: First, over 60 percent. of the aircraft designs in
the RAND estimating sample are now more than 25 years old, and
only about, 10 percent are less thai 16 years ohl, Second, new airl'rame

:'We admitt to HkeptidiMm oin two c[utit. Fir Vt, wo dilhit thait I'miIm w.uld over hi!
jotrdk iviillanhh to aittemlt a•itch an imndirt.aking, Seconod, we think it, ill probhi ilnkat
whit her ciliough data coulil hr •iiclhectled tor variilhIH muich 1il tho140 dectrihkA ti do a
credible, Kl~titicA10 011Analyi•t Ally priCe
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starts have slowed down dramatically (only two new airframe designs
have entered operational service since 1974-the F-16 and the
F-18).4 Thus, if analysts cannot account for technological and system-
integration differencea between the older and newer aircraft In the
sample, the relevant (i.e,, technologically similar) estimating sample is
probably going to be too small to permit any type of statistical
analysis.

4Vurthermore, we were able to readily identify only two now airframe designs on the
imnw•hdt. horizon-the C.17 and the ATB (Advanced Technology Bomber)-unlen we
include the possibility of the F719 (see Ref. 32, p, 7; Raf, 33, p. 11; and RLf. 34, p. 39) in
which case there are three, In the loner run, only the ATA (Advanced Tactical Attack
aircraft) and the ATF (Advanced Tactical Fighter) are readily apparent. Interestingly, a
brief review of ongoing and recently concluded Air Force and Navy aircraft procurement
Indicates that a fair number of aircraft programs have used existing or modified air-
frames: the AV-8A, AV.8B, B-1B, C.B, E-3, E.4, EF-111, KC-10, and TR-I.



Appendix A

COST ELEMENT DEFINITIONS AND DATA
PLOTS

Work breakdown structure (WBS) categories included in the RAND
airframe cost structure are shown in Table A.1. 1 A matrix mapping
contractor cost-data reporting (CCDR) categories 2 and relevant WBS
categories into specific RAND airframe cost elements is provided in
Table A.2.

DEFINITIONS
Engineering

In general, the engineering cost element encompasses the hours
expended in the study, analysis, design, development, evaluation, and
redesign of the basic airframe as well as the system engineering and
project management efforts undertaken by the prime contractor. More
specifically, It includes engineering for design studies and integration;
for wind-tunnel models, drop model, mockups, and propulsion-system
tests; for laboratory testing of components, subsystems, and static and
fatigue articles; for preparation and maintenance of drawings and pro-
cess and materials specifications; and for reliability. Also included are
the hours nxpended for the sustaining engineering function (through
the stated quantity), The sustaining function covers such things as
customer support/liaison, identifying ways to correct operationally
revealed deficiencies, and suggesting possible system improvements,
Engineering hours not directly attributable to the airframe itself (those
charged to ground-hnndling equipment, spares, and training equip-
ment) are not included, Engineering hours expended as part of the
tool and production-planning function are included with the cost ele-
ment tooling; those expended as part of the flight-test planning and
evaluation effort are included in the flight-test cost element. Material,
purchased parts, and test equipment required to accomplish the
engineering function are assumed to be included in the fully burdened
engineering labor rate.

ISee MIw,-SrD.881, Work Breakdtnvui SIt'urtunr, for Defe,tne Materiel Jho"8,
2See AFLCP 80()-16, cornractor Co(t I)ata Reporting System,
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Table A.,1

WBS CATEGORIES INCLUDED IN RANDl
AIRFRAME COST ELEMENTS

WBS Category Included?
Air vehicle

Airframe' yen
Ptopulsidorb No
Avionicab No
Armament/weapon dellveryb No

Training No~
Peculiar support equipment Nil
Systems test and evaluation

Development test yes
Tochiticsl evaluation yeu
Operational evaluation Yes
Mockups Yes
Test facilities Yes
Other SUEB yes

System/project management yen
Data

Engineering/managoMent data Yes
ILS data (tech orders and manuals) No

Operational/site activation No
Common support equipment No
Industrial facilitios No
Initial spares and repair parts No

-rhe term airframe refers to the assembled
structural and aerodynsmic components of the
air vehicle that support subsystems essential to a
particular mission, It includes, for example, tile
basic structure (wing, empennage, fuselage, and
associated manual flight control system), the air
Induction system, starters, exhaustA, the fuel con-
trol system, inlet control system, alighting gear
(tires, tubes, wheels, brakes, hydraulics, etc,), sec-
ondary power, ftirnitihingo (cargo, passenger,
troop, etc.), engine controls, inutru-nents (flight
navigation, engine, etc.), environmental control,
racks, mounts, and intersystem cablesi and distri-
bution boxes, etc., which are Inherent to and
inseparable from the assembled structure,
dynamic systems, and other equipment. homo-
geneous to the airframe. All offort.m directly
related to propulsion, avionics, and armameont, are
excluded,

"Installation Of tile p3ropulsion, avionics, and
armament subsystems is acounted for In the air-
frame category; the design Integration effort in
included In system/pruojct management; and
some testing Is Included In symttm test and
evaluation.
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Tooling

Tooling refers only to those tools designed for use on a specific pro-
gram, i.e,, assembly tools, dies, jigs, fixtures, master forms, gauges, han-
dling equipment, load bars, work platforms, and test and checkout
equipment. General-purpose tools such as milling machines, presses,
routers, and lathes (excipt for the cutting instruments) are considered
capital equipment. If such equipment is owned by the contractor
(much of It is government-owned), an allowance for depreciation is
included in the overhead account. Tooling hours Include all effort
expended in tool and production planning, design, fabrication, assaem-
bly, installation, modification, maintenance, and rework, and program-
ming and preparation of tapes for numerically controlled machines,
The cost of the material used in the manufacture of the dies, jigs, fix-
tures, etc., is assumed to be included in the fully burdened tooling labor
rate,

Manufacturing Labor

Manufacturing labor is all the direct labor necessary to machine,
process, fabricate, and assomble the major structure of an aircraft and
to install purchased parts and equipment, engines, avionics, and ord-
nance items, whether contractor-furnished or government-furnished.
Manufacturing man-hours include the labor component of off-site
manufactured assemblies and effort on those parts which, because of
their configuration or weight characterlstion, are design-controlled for
the basic aircraft, These parts normally represent significant propor-
tions of airframe weight and of the manufacturing effort and arc
included regardless of their method of acquisition. Such parts specifi-
cally include actuating hydraulic cylinders, radomes, canopies, ducts,
passenger and crewieats, and fixed external tanks. Man-hours required
to fabricate purchased parts and materials are excluded from the cost
element. Nonrecurring labor undertaken in support of engineering
during the development phase is included in the development support
cost element,

Manufacturing Material

Manufacturing material includes raw and semifabricated materials
plus pirchined parts (standard hardware items such is electrical Lit.-
tings, valves, and hydraulic fixtures) usedr in the manufacture of the
airframe, This category also includes purchased equipment, ie., items
such as motors, generators, batteries, landing gear, air conditioning



(;)O YI KI,EMENT' I)1,FINrr11N ^NSA ) IAATA Pl'rIH 71

equipment, instruments, and hydraulic and pneumatic pumps, whether
procured by the contractor or furnished by the government. Where
such equipment is designed specifically for a particular aircraft, it is
considered as subcontracted, not, as purchased equipment, and is there-
fore included in the manufacturing labor cost element. Nonrecurring
material 'ised in support of engineering during the development phase
is included in the development-support cost element.

Development Support

Development support is the nonrecurring manufacturing effort
undertaken in support of engineering during the development phase of
an aircraft program, It is intended to include the man-hours and
material required to produce mockups, models, test parts, static test
items, and other hardware items (excluding complete flight-test air-
craft) needed for airframe development.

Flight Test

Flight test includes all coste incurred by th(. -ontractor in the con-
duct of flight testing except production of the test aircraft, Engineer-
ing planning, data reduction, manufacturing support, instrumentation,
all other materials, fuel and oil, pilot's pay, facilities, rental, and
insurance costs are included, Flight-test costs incurred by the Air
Force, Army, or Navy are excluded.

Quality Control

Quality control refers to the hours expended to ensure that
prescribed standards are nict. it includes sut:h tasks as receiving
inspection; in-process and final inspection of tools, parUs, subassem-
blies, and complete assemblies; and reliability testing and failure-report
reviewing. The preparation of reports relating to these tasks is con-
siderea direct q'iality-control effort.

Total Progearn Cost

Total program cost is the sum of the seven preceding cost. elements.
Engineering, tooling, nmanufacturin.g labor, and quality-control hours
ibo each &ircraft program wrtr '-unverted to 1977 dollars using the fol-

lowing industry-average cctriposite hourly rates:
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Hourly
Element Rate ($)

Engineering 27.50STooling, 25,50
Manufacturing labor 23:50
Quality control 24.00

These composite rates include direct labor, overhead, general and
administrative expense, and miscellaneous direct charges (travel, per
diem, etc.), and in the case of engineering and tooling, material costs as
well. Fee is not included.

DATA PLOTS

Plots of cost per pound as a function of airframe unit weight are
provided in Figs. A.1 through A.8 for engineering, tooling, manufactur-
ing labor, manufacturing material, development support, flight test,
quality control, and total program cost, respectively. The F-16 and
F-18 are not shown because of prolprietary restrictions,
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Appendix B

EXPLANATORY VARIABLE DEF"NITIONS AND
VALUES

SIZE

Airframe Unit Weight: Empty weight (in pounds at Q .- 100) minus
wheels, brakes, tires, and tubes; main and auxiliary engines; rubber or
nylon fu('l cells; main and auxiliary starters; propellers; auxiliary
powerplant unit; instruments; batteries and electrical power supply and
conversion; avionics group; turrets and power-operated mounts; air
conditioning, anti-icing and pressurization units and fluids; cameras
and optical viewfinders; trapped fuel and oil.

Empty Weight: The weight of the aircraft (in pounds) with no fuel,
ordnance, or crew aboard,

Wetted Area: Total surface area of aircraft (in square feet),

TECHNICAL/PERFORMANCE

Maximum Speed: Maximum speed, in knots, at any altitude,
Spe'ed Class: Categorical variable signifying whether maximum

speed is less than M 0,95 (-1), greater than or equal to M 0.95 but less
than M 1.94 (-2); greater than or equal to M 1.95 but less than M 2,5
(-3); or greater than or equal to M 2.5 (-4),

Specific Power (figh.ters only): The product of the maximum
installed sea-level static thrust. and the maxiimnm velocity divided by
the combat weight, expressed in units of horsepower per pound. The
conversion factor to go from pound-knots per pound to horsepower per
pound is 0.)0307 (1 kn - 101.34 ft/nin, and t hp - 33,000 ft-lb/min),

Maximum Spcific Ernrgy (fighters only); The maximum value (in
feet) of the sum of kinetic and potential energy the aircraft develops in
l-g level flight divided by the comnbat weight.

Climb RIntc: The maximum rote ot'f climb at sea level in feet./minuto.
Maximum Sustained Lowld Factor (fightvrs ,roly): The l maximum load

factor (in g's) the aircraft can sustain in level flight, at an altitude of
26,)000 ft, at Mavh 0,Si at its combat weight.

H1
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Breguet Range Factor (fighters only): The maximum value (in nauti-
cal miles) of the product of the average cruise speed and lift-to-drag
ratio divided by the specific fuel consumption (the coefficient of the
logarithmic term of the Breguet range equation),

Useful Load Fraction: The difference between maximum gross
weight and empty weight, divided by maximum gross weight.

Predicted First Flight Date (fighters only): First flight date measured
in months since January 1, 1940, as estimated by the technology index
equation for new designs described in Sec. 1,

CONSTRUCTION

Desi8gn Ultimate Load Factor: The maximum load factor (in g's) the
aircraft is designed to withstand at the stress design weight without
structural failure.

Structural Efficiency Factor (fighters only): The structure weight
divided by the product of the stress design weight and the design ulti-
mate load factor,

Carrier Capability Designator: A categorical variable signifying
whether the aircraft is carrier capable (-2) or not (-I),

Engine Location Designator: A categorical variable signifying
whether engines are embedded in the fuselage (-I) or located in
nacelles under the wing (-2),

Wing Thvpe Designator: A categorical variable signifying straight
wing (.1), swept wing (-2), delta wing (-3), or variable-sweep wing
(-4).

Ratio of Wing Area to Wetted Area' The ratio of the reference area
of the wing to the total surface area of the aircraft.

Ratio of Quantity (Empty Weight Minus Airframe Unit Weight) to
Airframe Unit Weight: The empty weight and airframe unit weight as
previously defined,

Ratio of Avionics Weight to Airfrume Unit Weight: T he ratio of total
avionics-suite weight, (installed) to airframe unit. weight..

Number of Black Boxes, The number of identifiable electroinicH
items in communication, navigation, identification, fire control, E'CM,
and data procesmaing functions, See Sevc. II Ibr additional explanaf ion.
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PROGRAM

Number of Test Aircraft: The number of test aircraft used in the
flight-test program,

Maximum Tooling Capability: The maximum monthly tooling rate
for the program. The maximum tooling rate is defined as the rate
achievable with the tools that were on hand, operating with (1) a first
shift, (2) a second, "swing" shift, consisting of a full complement of
production workers and necessary supervisory staff, and (3) a third
shift, "as required" for certain production operations and for repair and
maintenance of the tooling,

New Engine Designator: A categorical variable slgnifying whether
airframe incorporated a new engine (-2) or not (-I). See Sec, If for
additional explanation,

Contractor Experience Deaignator: A categorical variable signifying
whether the company that developed and produced the subject aircraft
had recent experience in developing and producing the same mission-
type aircraft (-1) or not (-2), See Sec. II for additional explanation.

Weapon System Designator (fighte.rs only): A categorical variable
signifying whether the aircraft was developed with emphasis on mis-
siles and sophisticated fire control systems (-2) or gun armament (-I).
See Sec, II for additional explanation.

Program-.ýpe Designator: A categorical variable signifying the type
of development program, prototype (-2) or concurrent (-1). A proto.
type program is one in which the first lot consists c' three aircraft or
less. See Sec. Ii for additional explanation,

Explanatory'-variable values are presented in Tables B.I, B,2, and
B.3, Primary data sources were official Air Force aircraft and propul-
sion characteristic summaries and Refs. 17 and 24 tbrougb 3)0.
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Table B.

EXPLANATORY VARIABLE VALUE~i SIZE
AND TECHNICALIPERFORMANCE
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Table B.2

EXPLANATORY VARIABLE VALUES: CONSTRUCTION

.. ee. i .. Carrier - n-ine Ratio of Ratio of
ultimate Structural Camhililty Iocation Wing Area Ratio of Avionics No, of

Load Efficiency Deeig- ')eelg. Wing to Wetted (EWAUW) Weight Black
Aircraft Factor Factur hator notor Type, Aren to AUW to AUW Hoxea

A-3 5,00 X 2 2 2 .20( .80 .085 8
A-4 101,50 X 2 1 2 .227 .80 .084 6
A-6 11,00 X 2 1 2 .237 .9 .i0 13
A.6 9,75 X 2 1 2 .251 .48 170 23
A.7 1M650 X 2 1 2 .222 .2 .059 19
A.t) 4,91 X 1 2 25 .34 .041 14
B.562 (.01) X 1 2 2 .240 58 ,070 24
B-.51 3.0t) X 1 2 3 .23 .71 (0c) 26
B/RB 16 4,O X 1 2 2 .1n11 4O ,092 (c)
C.5 3.76 x 1 2 2 .2011 .15 .017 27
C.130 3,76 X I 2 .230) A24 .0185 17
C.133 8.76 x 1 2 I .20'2 .19 021 16
KC.135 1,71 X I 2 2 .225 : Ic) 16
C-141 (1.75 x 1 2 2 .228 ,1 .022 26
F1D 9,00 ,0409 2 1 1 .47 .146 9
Fill 11.25 1 0372 2 I 2 .272 ,53 .00(0 6
F4D 9150 .0,133 2 1 :1 T211 .14 .216 9
F-4 12M75 0291 2 1 2 247 .1O ,)01 14
F,14 (b) (hI) 2 4 .179 A20 .112 21
P.15 11,00( .0321 I 1 2 ,2210 .5 .090 24
P.16 (cM .0221 I 1 2 216 .47 (c) Ic)
F.18 I (cM '2 1 2 (c) (26 c) (c)
P.F96 11,10 0,122 1 1 2 ,.6(1 48 ,06 4
F.19 .(1 .04619 1 1 1 Mc) .32 (c) 9
F.100 1.0ll0 .o:11 1 i 2 215 ,Ai .016 5
F.101 11.1) ,0240 1 I 2 .79 .84 .075 9
F.1(2 1AO 0313 1, 1 1 .306 158 .184 9
F.104 110,0 ,0(3215 1 1 IS2 .4r) .076 II
F.-1(5 i:3,00o ,o:183 2 .19:1 .27 .074 11
P.F16 10 ,0:12 I 1 3 ,312 ,59 .190 11
P.111 11.00 ,0:140 1 4 '203: ,30 ,3i 18
S-3 6.2 5 X 2 2 2 ,229 .44 .220 T3
' I'.31 11,0o K I 2 (c) .2s1 Mc) 7
T.39 11,00 X 1 2 2 (0) .'M9 Ic) M 0

NOTE: X - ciluvm rolh t, d l'ur lightemr i oi ,'v
'I - atra1i6h1 .2 - Mwe ptl :1 - della! 'i - varhabli t•wee.l
'ClaIsared.

'Nut nvollniflu,
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Table B.3

EXPLANATORY VARIABLE VALUES: PROGRAM

No. of Maximum Contractor Weapon Program
Test Tooling New Engine Experience System Type

Aircraft Aircraft Capability Designator Designator Designator Designator

A-3 5 8 1 2 X 2
A-4 9 40 1 1 X 2
A-5 11 6 1 2 X 1
A-6 8 8 2 2 X I
A.7 7 24 1 1 X 1
A-10 8 15 1 2 X 2
B.52 13 10 2 1 X 2
B-58 30 8 2 2 X I
B/RB.66 14 10 2 1 X 1
C-5 10 2 2 1 X 1
C.130 9 18 2 2 X 2
C-133 10 2 2 1 X 1
KC.135 8 15 1 1 X
C-141 5 9 1 1 X 1
F3D 13 20 1 2 1 2
F3H 18 13 2 1 1 2
F4D 13 20 2 1 1 2
F-4 7 15 1 1 2 1
F-14 12 8 1 1 2 1
P-15 20 12 2 1 2 1
P416 10 (a) 1 2 2 2
F.18 13 (a) 2 1 2 2
F-86 12 30 2 1 1 2
F.89 6 25 1 2 1 2
F-100 13 50 1 1 1 2
F-101 17 20 1 1 1 1
F-102 31 45 1 2 2 1
F-104 19 20 2 1 1 2
F-105 15 17 2 1 2 1
F-106 26 29 1 1 2 1
F-Ill 18 21 2 2 2 1
S-3 8 5 2 2 X I
T-38 14 24 1 2 X 2
T-39 4 5 2 1 X 2

NOTE: X - values collected for fighters only,
'Not available,



Appendix C

DAPCA-III ESTIMATING RELATIONSHIPS

The previous met of RAND airframe CERs (DAPCA-III), docu-
mented in Ref. 3, is summarized in Table C.1.

Table Cl

DAPCA.III ESTIMATING RELATIONSHIPS'

Statistics

Estimating Relationship R1 SEE F N

ENGRioo - .0234 AUW{jio) SP{o) ,90 ,26 26 9 b

TOOL1,o0 - .472 AUW60o) 8Pill) .71 .41 27 25
LABRoo - .33 AUW 793

S) - .3 AUWooSP1) .85 .34 62 26

MATL11 0 = ,0703 AUW(,J) SPý100•) 86 .36 67 25

DS - (.000626 AUW-e8 SPI21)c .53 .72 12 24

-+(,0000354 UW SPl'))'W .68 .66 23 24
FT -,192 AUWýIlfl 6N TESTAi'la

F .9 U ) SP(C84) LESTACxj) CARGODV($.)\j .81 .44 21 25

QCloo - .085 x LABR 10c if cargo -

- .12 x LABRIJ if noncargo -

PROGioo - 6.2? AUW{) SP(.D) .88 .27 79 24
'All cost elements estimated directly in dollars have been converted to 1977 levels

by adjusting the initial coefficient.
bPost.1957 aircraft excluding A-7, KC-135, and T-39.
*Labor component of development support.
dMaterial component of development support.
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Appendix D

COST-QUANTITY SLOPES AND LABOR RATES

COST-QUANTITY SLOPES

Minimum, maximum, and average cost-quantity slopes for the full
estimating sample are shown in Table D.1. A comparison of slopes by
mission type is provided in Table D.2. With two exceptions (the
attack aircraft material slope and the fighter quality-control slope), the
slopes show little deviation about the full sample averages. However,
even changes in slope as small as 1 perceotage point can have a major
effect on cost. The extent of this effect will of course vary with the
quantity and the slope magnitude, but for a run of 700 aircraft, a 1 per-
centage point increase in the slope will usually increase total costs by
at least 10 percent.

Table D. I

CUMULATIVE TOTAL COST-QUANTITY SLOPESR
(In percent)

Mfg, Mfg, Quality Total
Engineering Tooling Labor Material Control Program

Item Hours Hours Hours Cost Hours Cost

No, of biervatlons 34 34 34 34 22 34
Range 106-132 108-158 140-182 140-200 126-234 124-144
Average 114 122 154 172 158 134
Exponent 0.189 0,287 0.623 0.782 0.660 0.422

"Based on first 200 units; cumulative average slope - cumulative total slope
divided by two,

Table D.2

CUMULATIVE TOTAL COST-QUANTITY SLOPES, BY MISSION TYPE
(In percent)

Mfg. Mfg. Quality Total
Engineering Tooling Labor Material Control Program

Sample Hours Hours Hours Cost Hours Cost

Total (34) 114 122 154 172 158 134
Attack (7) 110 122 154 180 154 134
Bomber/Transport (8) 116 116 154 170 152 136
Fighter (17) 116 124 156 172 170 132
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since the estimating relationships in the recommended equation set
'Table t5) are based on a sample limited to post-1960 aircraft, average
slopes for the post-1960 sample are also determiiied and compared with
the full sample:

Full
All-Mission Post-1960 All-Mission

Sample Sample (13 aircruft)
(34 aircraft)

Cost Element Slope (%) Slope (%) Exponent

Engineering 114 112 .163
Tooling 122 120 .263
Manufacturing labor 154 156 .641
Manufacturing material 172 174 .799
Quality control 168 186 .641
Total prouram cost 134 132 .401

As indicated, the differences are slight and hardly a basis for drawing
any conclusions about temporal changes. However, in the interest of
consistency, the slopes based on the post-1960 sample are suggested for
use with the recommended equation set,

Similarly, for the fighter equation set (Table 21), the slopes based on
the more limited post-1960 sample are also suggested:

Full Fighter Post-1960 Fighter
Sample Sample (6 aircraft)

(17 aircraft)
Cost Element Slope (M) Slope (%) Exponent

Engineering 116 112 .163
Tooling 124 120 .263
Manufacturing labor 156 158 .660
Manufacturing material 172 166 .731
Quality control 170 164 .714
Total program cost 132 128 .356

FULLY BURDENED LABOR RATES

All cost elements estimated directly in dollars are in 1977 dollars.
Suggested 1977 fully burdened labor rates (and those used to estimate
total program cost) are:

Engineering ....... 27.50
Tooling .......... 25.50
Manufacturing labor , . 23.50
Quality control ..... 24.00
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For estimates in 1986 dollars, the following labor rates and adjust-
ment factors are suggested:

Engineering, $/hr ......... 69,10
Tooling, $/hr ........... 60.70
Manufacturing labor, $/hr .. 50,10
Quality control, $/hr ....... 55.40
Manufacturing material (index) .1.94
Development support (index) . 1,94
Flight test (index) ........ 1.94
Total program coat (index) . . 2,13

The 1986 labor rates are based on data provided by seven contractors:

Hourly Rates ($)
Range About

Labor Category Average Range Average (%)

Engineering 59,10 47,70-70.00 -19, +18
Tooling 60,70 66,50-65.00 - 7, + 7
Mfg, labor 50,10 41,70-58.00 -17, +In
Quality control 55,40 49,10-62,60 -11, +13

Note that with the exception of tooling, the range about the average
rate is at least ± 10 percent. This range could arise from differences in
accounting practices, business bases, or capital investment, Irrespec-
tive of cause, however, labor-rate variation is one more component of a
larger uncertainty which already includes the error associated with sta-
tistically derived estimating relationships and questions about the
proper cost-quantity slope. Furthermore, in addition to the intercon-
tractor differences, these rates are also subject to temporal change-
accounting procedures, relative capital/labor ratios, etc. Thus, the
1986 fully burdened rate is qualitatively different from the 1977 rate.
Unfortunately, trying to estimate the magnitude of such quality
changes, even very crudely, is a study hi itself and beyond the scope of
this analysis,

The material, development support, and flight-test escalation
indexes are based on data provided in AFR 173.13.1 For 1977-1984, the
airframe index presented in Table 5-3 (Historical Aircraft Component
Inflation Indices) of AFR 173-13 was used, For 1.985 and 1986, the air-
craft and missile procurement index presented in Table 5-2 (USAF
Weighted Inflation Indices Based on OSD Raw Inflation and Outlay

'See Ref, 35.
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Rates) was used. The total program cost adjustment fr...tor %.9s I .en
determined on the basis of a weighted average (at Q - 100) ' he indi-
vidual cost elements.
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